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I. ABSTRACT 
1. The literature on the colorimetric, photometric, and spectro-
photometric determination of nickel has been surveyed. The more commonly 
used reagents have been discussed, and references to the important papers 
in the field have been included. 
2. The general characteristics of the nickel-dioxime complexes which 
form in the presence of strong oxidizing agents have been studied. 'l'hree 
vic-dioximes have been reacted with nickel under strongly oxidizing con-
ditions, and their absorption spectra have been compared. The application 
of these reactions to colorimetry has been discussed. 
3. The applicability of the red nickelous nioxi~e complex to the 
colorimetry of nickel has been studied spectrophotometrically. The ab-
sorption spectrum, stability, sensitivity to pH , obedience of Beer's 
law, and interferences have been discussed. A procedure for the deter-
mination of nickel in calcium metal has been recommended. 
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SPECTROPHOTOMETRIC DETERMI NATION OF NICKEL 
WITH VIC-DIOXIMEsl 
by Raymond Craig Ferguson 
II. INTRODUCTION 
7 
The development of accurate and conveniently operated spectrophoto-
meters in the last 15 or 20 years has provided the analytical chemist 
with an extremely useful tool for both routine analysis and fundamental 
studies. Improvements in instrumentation have been so extensive, how-
ever, that in many cases the chemical systems now being measured cannot 
be reproduced with a precision nearly as great as that of the instruments 
used. As a result, it has been necessary to re-examine many of the 
so-called colorimetric methods of analysis in order to ascertain their 
suitability for more precise determinations . 
The colorimetric determination of nickel is one of the analytical 
methods which should be studied for the reasons mentioned above. The 
determination of trace s of nickel in various mater ials is often rather 
troublesome, since the existing chemical methods are not uniformly 
dependable for low concentrations of the element. Although 123 or 
more papers dealing with the colorimetry of nickel have been published, 
none of the methods studied has pr oved to be entirely satisfactory, 
particularly for the determinati on of microgram quantities. 
As S~ell and Snell have pointed out (55, p. 4), however, colori-
metric methods offer the advantage of speed and are very adaptable to 
trace analysis. Therefore the author felt that a review of proposed 
colorimetric methods and a spectrophotometric study of the more pro-
mising of these might well lay the groundwork for a more generally 
satisfactory means of determining trace amounts of nickel. 
Mellon (37, p. '8) states that a solution to be used for colori-
metric measurements should have at least the following properties : 
1. Intense color, preferably due to .absorption in the spectral 
re gion between 475 and 625 m)k. 
2. Stability. 
1M. S. thesis submitted June 5, 1950. This work was performed under 
the direction of Dr. c. V. Banks. 
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3. Insensitivity to pH change s. 
4. A small temperature coeffi cient. 
5. Conformity to Beer's law. 
In addition, he suggests t hat color-for ming reactions should meet the 
following requirements: 
1. The color should develop quickly. 
2. The reagent itself should not selectively absorb lieht in the 
spectral region being measured. 
3. The reaction should be f ree of interferences. 
4. The color intensity should be independent of excess c olor- forming 
reagent. 
5. The nature of the color-forming r eaction should be known. 
6. The same solvent should be used for both the r eagent and the 
unknown. 
7. The procedure should be as simple as possible. 
8. The color intensity should be independent of the order of mixing 
reagents. 
Obviously, some of these conditions are less important than others. 
Such a check list of desirable properties is useful, however, for the 
evaluation of existing and of new methods of analysis. 
The term "colorimetry" has been criticized for its ambiguity 
(37, p. 3). While to the physicist it implies the analysis of color, 
the chemist ordinarily uses the term to describe a method of analysis 
which uses the property, color. It will be convenient to use the word 
in the latter sense, especially in describing reactions which have been 
reported in the past. In general, the terms used throughout this 
discussion wi 11 be those defined by Me llon in "Colorimetry for Chemists 11 
(37) and by Gibson in the National Bureau of Standards circular "'Spectro-
photometry" (17). 
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III. REVI~N OF LITERATURE 
The simplest method of spectroph otometric dete r mination is to 
measure a characterist ic absorption maximum of t he substance itself. 
Solutions of colored ions may be determined by direct com arison with 
sui table s t andards . This method was pr obab].y the f ir st colorimetric 
procedure fo r the estimation of nickel.* 
" Huttner (26) de scr ibed a colorimetric titration based on repeated 
9 
evaporation of cobalt-free nickelous nitrate i n co ncentrated hydrochloric 
acid . The re sidue was dissolved i n concentrated acid, and the yellow 
color was matched by adding a s tandard so l ution of nicke l to the refer-
ence tube. 
Ri ngbom and Sundman (50) studied the accuracy of a colorimetric 
method which used the green c olor of aqueous solutions of nicke l salts . 
A method for the determinat i on of ni ckel in nicke l plating baths also 
depends on the color of nickel soluti ons (62) . 
A. Inorganic Reagents 
The determination of small quantities of nicke l as the coll oidal 
sulfide is one of the oldest so-called col orimetri c pr ocedures . Armit 
and Harden (4) in 1905 stated that the "usual11 color iwetric method for 
ni.clrel emp loyed the su lfide . The pr ocedure i nvolved pas s i ng hydr ogen 
sulfide into the solution or adding sodium sulfide to it (28) . 
The rose-red t o brown-red color pr oduced by potassium t h iocarbonate, 
KzCS 3, in arrunoniacal nicke 1 s e l ut ions has been used for t he determination 
of nickel i n steel ( 31). 
The blue nicke l complex wit h ammonia has been t he most widely 
studi ed method using i norganic rea~ents (14). Ayre s a nd Smith (5) 
studied this complex with the Yoe c olorimet er . They reported t ha t the 
method was suitable for the determination of nicke l in the ranr,e 5 to 
4000 -y **per ml ., alth ough the hi ghest sensitivity was obtained between 
* No attempt has been made to c over t he literature pr ecedi ng 1900 . 
There were but few papers deali ng with t he colorimetric determination 
of n i ckel unti l the late 1920 's, although sone of these indicate that 
the above method and certain inorganic color imetric react ions were 
used some time before 1900 . 
** ?I' = .ll.t g •• microgram. 
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500 and 150Q ')I per ml. Mehlig has studied the effect of several foreign 
ions and of ' the ammonia concentration. The stability of the c omplex 
permits the use of per manent color standards, provided t h at loss of am-
monia is prevented (36). 
B. Organic Reagents 
Many organic compounds have the property of reacting with various 
ion~ to produce intensely colored compounds. The reactions of a number 
of i:;hese reagents with nickel have been studied and sur gested for 
colorimetry. 
1. The vic-dioximes* 
The vicinal-dioximes, i.e., the dioximes which contain the grouping, 
__ c ___ c __ , react selectively with some of the transition group elementso 
II II 
HON NOH 
Consequently, 
determination 
CH ::; CCH 31JII 3 , 
Hot NOH 
they have been applied extensively to the detection and 
of nickel. The use of reagents such as dimethylgl yoximej 
for the gravimetric deter mination of nickel is well knowno 
Diehl (8) has discussed some of the dioximes and has i ncluded a biblio-
graphy covering their prepar ation, properties, and uses in analytical 
chemistry. Voter and Banks ( 60) recently reported on the us·e of the 
water-soluble 1,2-dioximes as gravimetric reagents . 
The discovery, of the reaction of nickel with dimethylglyoxime has 
been credited to Tschugaeff (56). It is interesting to note that within 
one year after his publication a colorimetric method for t he estimation 
of small quantities of nickel was published by Armit and Harden (1). 
Dimethy l gJyoxime has been used so extensive l y that over half of the 
papers dealing with the colorimetry of nickel are based on its reactions 
with this di oxime. 
• These compounds are also known as qf-dioximes , ortho-tlioximesp and 
1,2-dioximes. The term vicinal is used by the author because 1t 
emphasizes the structural features responsible for the selectivity 
of reaction, while being sufficiently general to include both 
straie;ht-chain and cyclic derivatives. 
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There are two general methods for the colorimetric determination of 
nickel with dimethylglyoxime. Armit and Harden (4) used the faint pink 
color of a suspension of the nickelous salt. They reported that the 
most convenient range of nickel concentrations was 10 to 80 ;'in a final 
volum.e of 30 ml. Although they found that the method was more accurate 
than the nickelous sulfide procedure, the determination had to be carried 
out rapidly and before the precipitate settled out . Because of the low 
solubility of t he compound, only traces of nickel could be determined . 
Although the nickelous dimethylglyoxime method has been used in the 
manner described, proposed modifications ex--te.nd the r ange by extracting 
the precipitate into an organic solvent in which a col orimetric determina-
tion can be made. Ochotin and Suichov (42) extracted the complex with 
ether, washed the extract with water, and t hen added it to a 1:1 mixture 
of ethanol and collodion. This solution was compared with similarly 
prepared standards. 
Hall and 
precipitate . 
absorption of 
Young (21) used a chloroform extraction of the nickel 
They mixed the extract with ethanol and measured the 
the resulting solution with a filter ph otometer. 
Passamaneck ( 44) has st.udied pyridine solutions of the nickel.ous 
dimethylglyoxime complex.. The nickel was precipitated from ammoniacal 
citrate solutions, filtere~, and dried. The precipitate was then dis-
solve in pyridine . It was reported that 1 "Y or less of nickel c ould be 
estimated, and that the method had given sa t isfactory results for the 
determination of nickel in water. 
The second and far more commonly used .colorimetric method for the 
determination of nickel with dimethylglyoxime was first re ported by 
Rollet in 1926 (51). He modified a spot test developed by Feigl (12), 
who had discovered that in the presence of strong oxidizing agents an 
intensely colored reddish-brown soluble complex formed between nickel 
and dimethylglyoxime. This reaction was shown to be more sensitive 
than the formation of the insoluble nickelous salt. 
Rollet used alkaline hypobr omite or hypoch lorite as the oxidizing 
agent and concluded that the reaction was suitable for colorimetry. · His 
procedure, which has been used widely with only slight modifications , 
was to add a small excess of bromine water, followed by enough ammonium 
hydroxide to destroy the bromine color and a few dro~s of alcoholic 
dimethylglyoxime solution. He reported that the test could detect as 
low as 0 . 015 mg . of nickel per 100 ml. (0.15-y' per ml.), although t he 
convenient operating range wa s 1 .to 10 y per mi . 
Rollet applied his method to the determination of nickel in cobalt 
salts, in steel, a nd in organic matter . Slight modifications of his 
procedure have been used for the deter:nination of nickel in iron and 
steel (9, 25, 30, 32, 41, 47) , in bronze (20, 53), in alQ~inum (46), 
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in ::nagnesium (1), in calciu.m (1), in silicate rocks (52), and in many 
other materials. 
The rapid deter::nination of nickel in metallurgical products, using 
this meth od, has been described in detail by a number of authors. Vaughan 
recommends methods for steels (5"8, p. 3, 4, 2") and for aluminum alloys 
(p. 11). Haywood and Wood give procedures for ferrous a lloy s (23, p . 62) s 
copper alloys (p. 85), and aluminum alloys (p. 100). 
Although Rollet's method has been studied at many laboratories and 
is widely used, the reaction does not satisfy all of the requirements 
for a thoroughly satisfactory colorimetric reagent. Undoubtedly the most 
troublesome property of the complex is its instability. Murray and 
Ashley (41) found that it was necessary to measure the absorption of the 
solution within 10 minutes after mixing. I n general, most of t he pro-
cedl'.,.es reported depend upon rather ri g" id control of the amounts of 
reagents, the order of their addition, and the time allowed for color 
development (16). 
Sev~ral attempts to improve the stability have ::net with s orne success~ 
Makepeace and Craft (32) criticized the existinr procedures , for they 
discovered that both t he nickel concentrat ion and the initial pH influenced 
the stability. Their modificati on , which was reported to produce a product 
stable for 24 hours, consisted of developing the color in ammoniacal 
solution and then adding; strong sodiu::n hydroxide solution. 
The SA me workers also attempted to find an oxidizing a gent which 
would improve the stability of the complex, but oxidants such e.s sodium 
perborate, potassium chlorate, potassium iodate, hydrogen per oxide, and 
ammonium peroxydisulfate pr oduced no improvement under the conditions 
used. Other workers have used iodine-potassium iodide solutions (20» 23, 
46, 58), sodium hypochlorite (30), sodium hypobromite (9) .. and ammonh:un 
peroxydisulfate (~5). 
Mitchell and Mellon (39) found that a 50% ethanolic system was more 
stable than \:;he aqueous solutions . It has been raported/ however, that 
variable r esults may be obtained due to slight deviations fro!n the pre-
scribed procedure for preparing these solutions (16). 
There are conflicting reports in re gard t o the effect of tem erature 
on the stability of the. c omplex. Seaman (53) stated that temperatur_e 
effects were small, but that hot solution s produced a pr ecipitate. now-
ever, Pieters and .co-workers ( 47) reported t hat the temperature should 
be below 30° C. before the addition of dimethylg lyoxime. 
'The problem is further complicated by the conclusion of Furman and 
McDuffie (16) that two forms of the complex can exist in solution. They 
ste,te that a metastable form, called "complex A," sLowly changes into 
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the more stable form, "complex B." Complex A is reported to be the form 
commonly used for the determination of nickel; it is most satisfactorily 
produced at pH 9.5 in a solution 0.5 to 2 molar in ammoniom ion, using 
bromine water as the oxidizing agent . Complex B, which has a signifi-
cantlydifferent absorption spectrum, is developed most readily in solutions 
adjusted to pfi 12 or higher with sodium hydroxide, using potassium 
peroxydisulfate as the oxidant. The latter complex forms more slowly, 
and the measurements should not be made before 2~ hours after mixing . 
The absor ption spectra these workers obtained for the two forms of the 
complex are essentially the same as those previously published in the 
literature (32, 39, 41). 
~bile it might be expected that the nature of such an extensively 
used reaction would be well known, it is evident that the contrary is 
true. In his original work, Feigl (12) .used lead dioxide as the oxidizing 
agent. He then isolated a black'-red material by neutralization of 
alkaline solutions containing the red oxidized complex. The analytical 
data, and the quantity of iodine liberated when this product was decomposed 
by an acid in the presence of potassium iodide, led him to believe that 
the material was a compound of quadri valent nicke 1. Feigl has proposed 
the following .structure (13, p. 278): 
Other investiEators do not concur with this conclusion. Wulff and 
Lundberg ( 64) reported in 1944 that they had made an ex.hausti ve study 
of Rollet 1 s method. They carried out the reaction with ammonium hypobro-
mite, potassium bromide-potAssium bromate mixtures, ammonium peroxydisulfate, 
sodium hypochlorite, and sodium chlorate. Their conclusion was that the 
color developed was due to a soluble nickel compound of an oxidation 
product of dimethylglyoxime~ 
Okrf~ and Polster (43) reported in 1948 that upon repeating Feigl 1 s 
work they always found lead in the product isolated. Further investigation 
indicated that a dark red color could be produced in strongly alkaline 
solutions without the addition of an oxidizing agent . Heat or the addition 
of oxidizing agents acce~erated the reaction, however. These experimenters 
were able to isolate A crystalline reddish-brown product h~ving the compo-
sition, (CH 3CN0) 2NiOH•HzO, which on hydrolysis formed nickelous 
dimethylglyoxime and liberated half ;ts nickel. They concluded , therefore, 
that the oxidation occurred on the oxime groups rather than on the nickel. 
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Mitchell (38) r~ported t:ha.t the method of Vosburgh and Cooper (59) 
failed v:hen an attemp-c was made to determine the composition of the 
oxidized complex. Hoo:reman (24) 9 hcwever 9 used a procedure in whi ch he 
obse1··v~d the absorption o.f' solutions containing varying ratios of nickel 
and dimethylglyoxime~ and he concluded that there were two complexes: 
complex 1 9 in which the ratio of dime"vhylglyoxime to nickel was 2:lg 
and complex II~ in which the ratio was 4~lo 
It ~s apparent from the diversity of conclusions reached by different 
workers that the nature of the reaction of nickel and dimethylglyoxime 
in the presence of oxidizing agents is still in d oubto The author was 
unable "':;o !':l.!Id any other repor·ts on fundamental studies of t he c h emistry 
oi' this reaction" The conditions ·which produce the complex or complexes 
are so U.ttle under::~tood tha·c the an,lication of the reaction to the 
cclorlTn.etric dete.\"r:lina-cioYJ of n5 ckel is entirely empiricaL Therefore 
the m.ethod remair.s subjec"G to errors in reproducibility D and a closely 
standardized set of ope:rat1ons appears to be the only solution to the 
problem a":; the f!"eser.t ti:ne, 
Mitchell (:~5) has studied also the effect of many diverse ions on 
Rollet' s method o ·,~ost of the cations ~tud ied interfered either by 
P"~:H~ipi ta:cion at the pH of the reactaon or by producing a color ~ there-
fore the~e ions hao to bf:' removed or comple:xed. Only a few anions 
interfereC:o 
.,_F'"rildioximoo_s_r:o ' is another ~!:2_-dioxime which 
. o II II a 
HON NOH 
has been applied to the colorimetric determination of nickeL The 
pr-:-;cedure recoli'..rnended by the Alnerican Society for Testing Materials 
(3~ p. 161) inYolves reacting nicksl with the dioxime~ extracting the 
complex with o~dichlorobenze:ne 9 and de-termining the concentration in 
the extract c"olorimetric&lly or rhotometrical1yo Mitchell (38) in-
vestl.gated this reaction and tested several other org-anic solvents; 
the rreatest stabllity and iPtensity was obtained with a mixture of 
ethanol and a-dichlorobenzene. He also treated a nickel solution with 
bromine water and produced an unstable dark red color by the addition 
of q-f'u:rildioxirne :; thus he concluded that this reaction was probably 
simJ..lar to the dirnet.n ,.l -;lyoxime reaction~ but that the stability was 
unsatisfactory. 
1 1, 2~Cyc lohexaneG.ionedioxime ~ 
... 
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nioxime (48), was suggested for the colorimetric determination of nickel 
by Johnson and Simmons (29). They found that the compound would react 
with nickel in the presence of bromine water just as dimethylglyoxime 
did. They also discovered, however, that the color given by nioxime 
with nickel(ous)ions could be stabilized by the addition of gum arabic 
solution. The method wa~ applied to the determination of nickel in 
cobalt salts and in steel. 
2. Other compounds 
The sodium salt of diethyldithiocarbamate, (C 2H5) 2NCSSNa, has been 
proposed as a colorimetric reagent for nickel. Alexander, et al., 
(2) conducted a spectrophotometric study of a method which use~the 
yellow-green organic solution formed by extracting the nickel 
diethyldithiocarbamate ·complex from aqueous solution with iso-amyl 
alcohol. They reported an absorption maximum at 385 m~, an optimum 
r ange of 5 to 80 Y, and a lower limit of 1 Y of nickel. 
Fairhall and co-workers (10,11) have used potassium dithiooxalate, 
K2co 2s2, which produces a deep magenta color with nickel. The range of 
nickel concentraticHl sugge sted was 20 to 1000 Y. Yoe and Wirsing ( 65) 
have also studied this method. 
The extraction and colorimetric estimation of the nickelous deriva-
tive of 8-hydroxyquinoline was p roposed by Moeller (40). His 
spectrophotometric study of the cholorform extract showed an absorption 
maximum at 395 mJ-L. 
Nickel and triethanolamine, N(C2H40H) 3, give a green color. Jaffe 
(27) suggested this reaction for the determination of either nickel or 
the amine. 
Formaldoxime has been .used because of the orange-yellow color it 
produces with nickel (15}. Deniges (7) first proposed the method for 
the determination of nickel in cobalt salts. The reagent itself is 
colored and must be freshly prepared. Deniges reported that the color 
with nickel was unstable to heat and faded in a few hours even at room 
temperature. 
A recently proposed method determines cobalt and nickel in the pre-
sence of each other with 3-nitrososalicylic acid (45). The red nickel 
comp lex is soluble in water, while the brown cobalt complex is soluble 
in petroleum ether. After the extraction of cobalt with the organic 
solvent, the nickel complex, which has an absorption maximum at about 
500 m,.c.t, is used for a colorimetric determination. The range of nickel 
concentration studied was 0 to 200 Y of nickel. 
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C. Summary 
In a strict sense, two of the methqds described might be called 
turbidimetric rather than colorimetric.: · the colloidal nickel sulfide 
method of Fieber (14) and the nickelous dimethylglyoxime method of Armit 
and Harden (.4). Such a distinction is needlessly fine, at least in the 
latter case, for the color of the suspension is essential to the deter-
mination. The results obtained can be shown to depend greatly on the 
particle size, however. Therefore the reproducibility of such methods 
is ordinarily not very good, especially if no precautions are takeD to 
keep the insoluble material dispersed. 
The range and limits of an analytical method are among the factors 
which must be considered in its evaluation. Table 1 gives these values 
for several of the methods reported in the literature. In order to 
simplify comparisons, all values have been reduced to micrograms of 
nickel per rnilli liter of the solution which is used for colorimetric 
comparison or photometric measurement. The table readily shows the 
greater sensitivity of the organic reagents. Since 10 to 100 ml. of 
solution is needed for color comparison or photometric measurement, the 
actual weight of nickel detectable is at least 10 times the value indicated. 
It is regrettable that analytical chemists have been negligent in 
evaluating their methods statisticallyo Such a procedure would tremendously 
simplify the problem of selecting rea~ents and conditions. There is little 
information available about the reproducibility and general dependability 
of the nickel methods which have been discussed. The authors of the 
various papers cited often offered criticisms and suggestions for improve-
ment, however. The reader is referred to these for further information 
about particular method~. 
In gene~al, the procedures of particular interest in this study are 
the dimethylglyoxime method of Rollet (51) and its modifications, the 
~-furildioxime method of the American Society for Testing Materials (3"), 
and the . nioxime method of Johnson and Simmons (29). 
.. 
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Table 1 
Range of Nickel Concentrations in Colorimetric Methods 
for the Determination of Nickel 
Method 
K2cs 3 
1f.l13 
Dimethylglyoxime: 
Ni( II), H20 
ether 
c5H5N 
Ni, oxidized 
q-Furildioxime: 
Ni(II) 
( c2H5) 2NCSSNa 
K2C02S2 
3-Nitrososalicylic 
acid 
a Nessler tubes. 
b Photometric. 
Reference 
3la 
5b 
4a 
42a 
44a 
51 a 
39b 
3c 
2b 
ua 
45b 
Final concentration, 
Lower 
limit 
5 
0.03 
< 0.1 
0.15 
0.1 
c Nessler tubes or Duboscq colorimeter 
Yof Ni/ml. 
Working 
range 
17 - 102 
500 - 1500 
0.3 - 3 
3 - 6 
0.2 
- 5 
1 - 10 
1 5 
0.1 
- 2 
0.5 - 8 
0.1 
- 1 
0 - 8 
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IV INSTRUMENTS 
A Beckman quartz photoelectric spectrophotometer, model DU, manu-
factured by National Technical Laboratories was used for most of the 
constant wavelength . studies, as well as for some of the absorption 
spectrum measurements. The instrument has been used widely for several 
years, and descriptions of its construction and use appear in the litera-
ture (17~ p. 29; 22 ~ p. 400). The instrument is particularly useful for 
constant wavelength measurements of percentaee transmittancy or of 
absorbancJI*". 
Most of the absorption spectrum measurements were obtained with a 
Cary automatic recording photoelectric spectrophotometer, model 12~ 
manufactured by the Applied Physics Corporation (22~ p . 410). It is a 
two-celled instrument employing a double-prism monochromator. The light 
beam is chopped at 60 cps 9 and the radiation receiver is a photomultiplier 
tube. The output of the detector is fed through an electronic amplifier 
which actuates the pen of a. strip ... chart recorder. The instrument measures 
the absorbancy of solutions in its cells a.s a function of wavelength. 
The band width of the radiation incident upon the detector is 
governed by· the slit control mechanism~ which varies the slit width so 
as to hold the output of the standard phototube amplifier at a pre-
scribed reference voltage o A series of 11multipot11 resistors may be 
adjusted to match the sample and reference cells through out the wave-
length region to be scanned. 
The instrument is extremely useful in studies of absorption spectra, 
stability • and interferences because of the rapidity with which it can 
plot the absorbancy vs . wavelength curves . Constant wavelength studies 
are more readily made with the Beckman instrument, and it has been the 
author's observation that the measurements made on the Cary instrument 
ordinarily do not have quite the precision obtainable with the other 
instrumentp ~xcept at high absorbancies . 
All absorbancy measurements were made with the solutions in matched 
Corex glass absorption cells. Both 1. 0-cmc and 5.0-cm. cells were. used. 
In running curves with the Cary instrument . the cells were matched at 
all wavelengths by use of the multipot selector, and t he slit control 
* The term optical density has been replaced by the equivalent term 
absorbancy, which is defined as follows : 
As = loglO 1/Ts = loglO T solvent/T solution = 
absorbancy (17 9 p. 5) . 
.. 
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setting was at 10. This setting gives a 0.079 mm. slit width at 
550 m~*· 
The matching of the absorption cells was checked with distilled 
water or with the reagent blank when the Beckman instrument was used. 
Whenever necessary, the appropriate corrections were made. In all 
measurements with this instrument a nominal band width of 5 mp was 
used. 
Beckman pH meters were used throughout the work, both while 
adjusting the pH of solutions and in determining the final value for 
the diluted solutions. Most of the measurements were made with a 
line-operated model H-2 meter, but a few were made with a battery-
operated model M meter, Whenever the former was not available. 
V. MATERIALS 
Bromine. Reagent grade. 
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Calcium chloride, CaC12• Anhydrous, reagent grade. Aqueous solu-
tions containing 0.2 g. of calcium _per ml. were prepared. It was neces-
sary to remove the impurities which would rea r-t with the color-forming 
reagents. Two procedures were applied to different samples. In both 
cases the solutions were heated with a sufficient excess of 0.8% nioxime 
solution to insure comp lete reaction with all iron and nickel present. 
In the first procedure the small precipitate was filtered off. The 
solution was then extracted twice with chloroform to remove any remaining 
traces of the complexes. The other procedure consisted of heating the 
solution, after the addition of nioxime, with actjvated charcoal which 
had previously been washed with hot 0.2% nioxime solution. The activated 
charcoal was filtered off, leavinE an iron- and nickel-free solution. 
The solutions were standardized gr avimetrically by the oxalate method. 
Blanks from solutions prepared by either procedure produced negligible 
light absorpti~n when reacted with the color-forming reagents. 
* From the dispersion data supplied with the instrument, the corres-
ponding nominal band width was calculated to be 1.6 m_,u. 
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1~2-Cyoloheptanedionedioxime (heptoxime). Synthesized by R. W. 
Vander Haar (57)o A 0.47% aqueous solution was prepared. 
l g2-Cyclohexanedionedioxime (nioxime). Hach Chemical Company, 
Ames, Iowao Recrystallization of this material did not produce a decrease 
in the absorption of an Oo8% aqueous solution, therefore it was concluded 
that the original material was sufficiently pure. 
Dimethylglyoxime. Mallinckrodt analytical reagent grade. Ordinary 
storeroom 95% ethanol was used as the solvent for a 1% solution. 
Gum Arabic. White powder. A 10% solution was pre pared. It was 
necessary to filter this solution about once a month , as particles con-
tinued to settle out. 
Iron metal. Electrolytic iron wire. 
Nickel metal. Mond nickel from International Nickel Company. This 
metal was specified to contain no more than 0.008%cobaltDo.ooe copper, and 0.04~ 
iron. A stock solution was prepared by dissolving 0.3()'(0 g. in aqua regia 
and making the solution up to 1 liter. A gravimetri c analysis of this 
solution by the heptoxime method (60) gave 0.308 and 0.309 mg. per ml. 
Dilute solutions for the experimental work were prepared by diluting 
measured volumes of this standard solution. 
In generalg the best available reagent-grade chemicals~ as indicated 
by the manufacturers' labels . were used. The mineral acids were the 
c. P. grade which is ordinarily used in the analytical laboratory. 
All of the solutions used for spectr ophotometric study were prepared 
in "Exax" brand volumetric flasks. These flasks were guaranteed by the 
manufacturer to meet the following specifications: 
Nominal Capacity Tolerance 
100 ml. 
1000 
2000 1.00 
A 10-ml. Machlett automatic buret te was used to measure most of the 
standard nickel solutions added to the flasks . The calibration of this 
burette was checked at room temperature g and suitable corrections were 
applied whenever necess!3-ry. 
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For a series of preparations in which a constant volume of solution 
was used, · the same "Exax" brand pipette was employed throughout if com-
parisons were to be made. "Kollegiate" brand pipettes were also used 
for the addition of solutions whose exact volumes were less critical. 
The Corex absorption cells employed had optical path lengths (inside) 
of 1.000 em. and 5.000 em. These cells were in sets matched according 
to the manufacturer's specifications. Further corrections were made when-
ever necessary, as indicated in the description of the instruments. 
Throughout the text these cells are referred to as the 1.0-cm. and 5.0-cm. 
cells. 
VI • EXPERIMENTAL 
A preliminary investigation of the available reagents for nickel 
appeared to be the most profitable course of action. The advantage of 
this approach was that it provided an opportunity to become more familiar 
with existing procedures and with the difficulties inherent in these 
methods. 
The field was narrowed to a study of the vic-dioximes because of the 
selectivity displayed by these reagents. The-results of the work of 
Voter and Banks (60) with heptoxime, and of Voter, Banks, and Diehl (61) 
with nioxime indicated that some improvement over the colorimetric 
reactions of dimethylglyoxime might be obtained. 
A. The Oxidized Complexes 
Rollet's method (51) was undoubtedly the most widely known and 
used procedure . Since Mitchell (38) had reported a similar reaction for 
q-furildioxime, the first investigations involved the reactions of 
nickel with the dioximes in the presence of oxidizing agents . 
1. Dimethylglyoxime 
Preliminary experiments with the oxidized complex with dimethylglyoxime, 
using saturated bromine water as the oxidant, showed that a large excess 
of the latter reagent was necessary . When only a few drops of the reagent 
were used, as recommended in Rollet's procedure, a precipitate formed. 
It was concluded that the precipitate was the nickelou s complex . The use 
of 5 to lOml. of bromine water in 100 ml. of solution prevented this 
occurrence, at least during the first few hours. 
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Solutions for study with the Cary spectrophotometer were prepared 
as follows: 10 ml. portions of the diluted standard nickel solution 
(15 . 4 yper ml.) were pipetted into 100-ml. volumetric flasks; 5 ml. of 
saturated bromine water , 10 mlo of concentrated ammonium hydroxide 
(sp. gr.; Oo90) 9 and 3 ml o of 1 per cent alcoholic dimethylglyoxime were 
added and mixed . Another 5 mlv of brcmLne water was mixed in; and~ after 
1 minute; a final 10-ml . volume of ammonium hydroxide was added. The 
flasks were filled to t h e mark with distilled water, the contents mixed 
thoroughly, and the pH was found to be ll o3. The solutions were placed 
in the 5.0-cm. absorption cells and were scanned from 330 to 700 m~ 
against distilled water . The Cary instrument curves were run at inter-
vals of 10 minutes for t he first hour ~ then at hourly intervals o 
The absorption spectrum obtained within 10 minutes is shown in 
Figure l o Curve 1 is identical in shape to the curve found for comp lex A 
by "fillard and Furman ( 16) . The highest peak occurred at 443 m/" , while 
a much less pronounced peak was found at 530 ~· As time pas sed , the 
higher maximum decreased and shifted to longer wavelengths~ and the 
second peak disappearedo 
Curve 2 9 Figure 1 9 shows the shape of the absorption curve in 1 hour. 
At this time the color was probably due to a mixtur e of the two complexes 
reported by Furman and McDuffie. In 4 hours the scanning curve showed a 
smaller$ rather broad maximum at 460 to 470 m~o The latter curve corres-
ponded in shape and relative magnitude to that reported for c omp lex Bo 
. 
The figures obtained in these time studies of the reactions were 
nearly identical in form to those pr eviously published in the literature 
(32 9 39)o 
I t was observed during these exper iment s that solutions prepared in 
the same manner and scanned a t approximately the same time intervals 
apparently converted from one form to the other at d~fferent rates o As 
a fur t her check on this occurrence ~ two solutions were pre pared side by 
side 9 using the procedure already outlined~ with care to treat both 
identically. Each solution contained 154-1 of nickel and 1 mlo of 
dimethylglyoxime solution in 100 ml. In each case the rH was 10.9, The 
absorbancies of these solutions were measur ed at two wavelengths and at 
interva ls of 10 minutes for 2 hours~ using the Beckman spectrophotometer. 
Table 2 shows the first few absorbancy measurements obtained at 443 m~ 
and at 530 m_.,4 9 using 1.0-cm. cells and a 5 m..,u nominal band width. 
Soluti on 1 began to fade at 443 m...,w after 20 rr.inutes and at 530 mpafter 
30 mi nutes o Solution 2 remained relatively constant for 2 hours, although 
a slight decrease in absorbancy at 530 m~ was obser ved at the end of 
this time. 
This apparent lack of re producibility, and other results not reported 
here$ substantiated the findings of earlier workers who had experienced 
difficulties with the dimethylglyoxime reaction. 
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2. l~~-Cyclohexanedionedioxime 
Although Johnson and SDrrmons (29) reported that nioxime (1,2-
cyclohexanedionedioxime) also reacted with nickel in the presence of 
hypobromite, they did not e labora.te on their experimental work. In 
addition, the paper did not state clearly which of two (or more) nickel 
complexes could be stabilized with gum arabic. Therefore this reagent 
was tested. 
In the initial experiments it was again observed that insufficient 
oxidizing agent permitted the precipitation of the nickelous compound. 
In addition, a sufficiently large excess of ammonium hydroxide was 
necessary to prevent rapid fading of the color. However, under the proper 
conditions it was possible to obtain soluble reddish-brown complexes 
strikingly similar to those of dimethylglyoxime. · 
Table 2 
Stability of Identical Solutions of the Oxidized 
Nickel Dimethylglyoxime Complex 
Time Absorbancy in 1.0-cm. cells 
after 443 m,.u 530 m;LL 
mixing Soln. 1 So ln. 2 So ln. 1 So ln. 
9 min. 0.370 0.370 0.161 0.163 
14 .368 .367 .162 .164 
20 .368 .367 .159 .162 
30 .345 .369 .157 .162 
40 .247 .371 .105 .162 
50 .204 .372 .096 .168 
60 .198 .380 .088 .160 
2 
The procedure used in preparing the solutions for measurement with 
the Cary instrument was essentially the same as that of the last section. 
The following reagents were added to a 100-ml. volumetric flask and mixed 
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after each addition: 10 ml. of the standard nickel solution (15.4 Y of 
nickel per ml.), 5 ml. of saturated bromine water, 10 ml . of concentrated 
ammonium hydroxide, 1 ml. of 0.8 per cent nioxime solution, 5 ml. of 
bromine water, and, after 1 minut~; 10 ml. excess ammonium hydroxide. 
The solutions each contained 154 7 of nickel in 100 ml . and had a final 
pH of 11.4. They were scanned at 10-minute inte~Yals, using 5.0-cm. cells. 
The resulting absorption curves were nearly identical in shape and 
intensity to those initially obtained for dimethylglyoxime. The higher 
miximum occurred at 443 m~, while the second was a broader peak at about 
538 m,u. 
The absorbancy of the first solution remained essentially constant 
for 45 minutes, but the second solution began to fade after 20 minutes. 
The a.bsorbancy decreased uniformly over t he entire spectral region scanned 
(350 to 700 m~), and no appreciable shift in the position of the maxima. 
could be detected. The fading was quite rapid after the initial short 
period of stability. In the second solution the a.bsorbancy in 1 hour 
was less than one-third of the initial value. 
Another solution was prepared to test the effect of gum arabic. The 
reagents were added just as before, but 1 ml. of 10 per cent gum arabic 
solution was introduced ahead of the nioxime solution. The final volume 
of 100 ml. contained 154 Y of nickel, and the pH was ll.6. 
The absorption curves scanned at 10-minute intervals showed this 
solution to be less stable than those without gum arabic. The maximum 
at 443 m~ began to decrease within 20 minutes, and the general shape of 
the curve also began to change. The over-all effect was similar to that 
observed with dimethylglyoxime solutions, but the final peak at 460 m,..u. 
was much smaller and did not appear to be at all stable. 
The addition of gum arabic to the solutions containing hypobromite 
caused the continuous evolution of a. gas which formed bubbles on the 
surfaces of the absorption cells. The foam was so heavy when larger 
volumes of gum arabic solution were added that such solutions were not 
scanned. 
3. ~.~-Cycloheptanedionedioxime 
Heptoxime (1,2-cycloheptanedionedioxime) was of considerable inter-
est because its nickelous complex proved to be yellow rather than red, 
as the corresponding derivatives of the other vic -dioximes had been (60). 
A solution of the oxidized heptoxime complex was prepared by the 
procedure described for the other two reagents. The solution, containing 
154 l' of nickel and 3 ml. f 0.47 per cent heptoxime solution in 100 mlo, 
was scanned at intervals with the Cary instrument. 
26 ISC·~93 
Again the first absorption snectrum obtained was nearly i dentical to 
those obtained with dimet hylglyoxime R.nd with nioximeo The larger maximum 
was at 445 m~ and the smaller one at about 530 m,.u ,, There was negl i-
gible change in the curve during the first hour after mixing 9 but within 
2 hours '3hifts in the maxima had begunc A rather broad maximum formed 
at 455 to 465 m,u after about 4 hours~ This peak remained essentially 
constant until the last curve was run 6 hours after mixingo 
An earlier attempt to stabilize the nickel dimethylglyoxime complex 
with sodium hydroxide, as recommended by Makepeace and Craft (32 )P had 
failed. Upon the addition of the strong sodium hydroxide to the solu-
tions the color disappeared complete l y o The result was not entirely un-
expected~ as Makepeace and Craft had cautioned that slight impurities in 
the reagents would produce. this effect c 
Since the heptoxime solutions appear ed to be s o similar to those of 
dimethylglyoxime» sodium hydroxide was used in an attempt to stabilize the 
new compound of nickel . The reagents were added as f ollows : 10 ml . of 
standard nickel solution, 5 r::tl ~ of saturated bromine water » 10 mL of con-
centrated ammonium hydroxide 9 3 ml., of heptoxime solution , and 5 ml o ex-
cess br omine water. After 1 minute , 10 ml. of 6N sodium hydroxide solution 
WE s added , end the solution was dilut ed to 100 mL After mixing~ the pH 
was 12 .lo This solution was scanned in 5o0-cm cells at intervals of 20 
minutes until 3 hours had passed , 
The first curve obtained had the shape characteristi c of the complex 
B reported b y Furman a nd McDuffie _ The intensity i ncreased steadily for 
1 hour» remained constant for about an· hour . and at 3 hours h ad again in-
creased by a small amount o The maximum was found at 457 to 460 m~ o 
The curve obtained 6 hours after mixing the solution containing only 
am,nonium hydroxide was nearly identical in a r earance with tha t obtained 
in 3 hours by u sing sodium h ydr oxide , At 460 m.r< the abs orbancies were 
lo868 and 1.812» respectively. 
4o Conclusions 
Table 3 shows t he absor bancy values obtained for each of the reagents 
when reacted with nickel in the presence of an oxidant end ~monium 
hydroxideo These values wer e taken from the Cary instrument cur ves ob-
tained within 10 to 15 rainutes a.fter mixing; thus they are for the form . 
known as c ompl e x Ao 
The reacti ons of the t hree vic-dioximes with nickel are so s:milar 
that most of the difficulties inherent in the dimethylglyoxime reaction 
would probabl~· appear also in the reactions of niox1me and heptoxime ., 
~lthough the absorbancies of the heavier molecules were somewhat greater 9 
the slight inpr ovement in sensitivity so e;ained would be of little value 
unless the r;:)lor could be stabilized satisfactorilyo I n view of the 
apparent i nstability of the nickel comr lexes of all three compounds ~ it 
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was not felt worth-while to attempt another study of this reaction for 
the spectroph otometric determination of nickel. 
_, 
Table 3 
Absorbancies of Oxidized Comp lexes with Nickel 
(Complex A, cont aining 154 Y of nickel 
per 100 ml . of solution) 
Reagent Absorbancy i n 5 .0-cm. cells 
442 m'" 530 m,/A 
Dimethylglyoxime 1. 838 0 . BOO 
1.840 .798 
Nioxime 1.972 • 742 
1.917 .681 
Heptoxime 2.008 . 838 
B. Nickelous Nioxime 
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Since gum arabic apparently did not impr ove the stability of the 
oxidized nickel dioxime complexes, it appeared t hat Johnson and Simmons 
(29) had stabilized nicke lous nioxime with this re agent. Preliminary 
experiments on the formation of the complex in the presence of gum arabic 
showed that an intensely c olor ed , stable form could be obtained. The 
pr operties of the red nickelous compl ex were then studied , wi th special 
attention to the requirements of colorimetry . 
1. Absorption spectrum 
A 10-ml. portion of the standard nickel solution (15.4 1/of nickel 
per ml.) in a 100 ml. volumetric flask was mixed. with 1 ml . of 10 per 
cent gum arabic solution and 1 ml. of 0.8 per cent nioxime solution . 
After dilution to volume , the solution was scanned in 5.0-cm. cells. 
Curve 3, Figure 1, is the absor ption spect rum obtained with t he 
Car y instrument. The h i ghest peak occurred at 550 m,u, and a smaller 
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maximum also formed at 398 m~. The positions of the maxima and the shape 
of the curve were confirmed with varying concentrations of nickel, using 
both the Cary and the Beckman s pectrophotometers. No shift in the posi-
tion of the maximum at 550 m~ could be observed as the concentration 
was changed. 
The absorbancy of nickelous nioxime at 550 m~ is less than half 
that of complex A (dimethylglyoxime) at 442 ry.t. In nearly all of the 
dinethylglyoxime methods reported i n the literature , however, t he inter-
ferences are so great at 442 m~ that the absorption measurements are 
made in the region around 530 ~· Reference t o Figure 1 shows that the 
nickelous nioxime suspension has an apf roximately equal absorbancy when 
compared to t he sma ller peak of the oxidized complex. Consequently, a 
change to the use of the nickelous complex should not result in a great 
sensitivity loss. In all succeeding constant wavelength measurements, 
the Beclanan instrument was set at 550 m.f'l, with a 5 m_..t( nomi nal band 
width. 
Spectrophotometric pr ocedures are greatly simplified if the reagent 
does not absorb in the spectral re gion of interest. Cur ve 4 of Figure 1 
shows t hat a reagent blank containing 1 ml. of 10 per cent gum arabic 
solution and 1 ml. of 0.8 per cent n ioxime solution in 100 ml. does not 
absorb selectively in the region scanned wi t h the Cn.ry i ns trument . These 
s olutions were prepared j ust as they would have been in developing the 
color with nickel, and they-were scanned in 5.0-cm. cells. 
Separate scanning curves were run a lso on 0.8 per cent nioxime solu-
tions and on the 10 per cent gtun arabic solution . At thes e c oncentr ations, 
nioxime began to absorb appreciably below 400 m,u, and gum ar abic gave 
rather high absorbancies t hroughout the region scanned. Neither reagent 
gave maxima or minima in the visible region; ther efore , in t he low con-
centrations in which the reagents would be pre sent normally , no r eagent 
blank is necessary. As an extra precaution, however , such blanks wer e 
used throughout the S\.l cceeding work. 
The effect of r eag:ent concentration on the color intensity wa s 
t es ted by adding as much as 10 ml. of nioxime solution. No appr eciable 
change in the absorbancy wa s observed for volumes of r eagent between 
0. 2 and 10 ml., v.hen the;r were added to solutions containing 154 -I of 
nickel in a final volume of 100 ml. 
Assuming that 2 moles of the dioxime r eact with 1 mole of nickel, 
as in the dimethyl gl yoxime reacti0n (8 , p. 8), the theor etical v olume of 
the 0 . 8 per cent r eagent requir ed to reac- t with 154 ..Y of nicke l is about 
0 . 1 ml. Since the concentration of nickel shou ld not exceed 1000 7' of 
nickel per 100 ml., the procedure was standardized on t he use of 1 ml. of 
0.8 per cent nioxime per 100 ml. of solution. Thus at leas t a 50 per cent 
excess of reagent would be pr esent at all times, whi l e in the r ange from 
10 to 150 7 of nickel, about ten time s the theoretica l volume was added . 
• 
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2. Stability 
Since nickelous nioxime is so hi gh ly insoluble that it has been 
used for gravimetric analysis, it is apparent that gum arabic must 
"stabilize" the system by keeping the mat erial dispersed. Thus the 
reagent appears to be acting · ~s a pr otective colloid or sol. 
29 
Although gum arabic was the reagent suggested by Johnson and Simmons, 
it was felt that a more satisfactory substance might be foundo Zsigmondy 
(67) reported t he gold numbers of several materials which could act as 
protective sols. The recipr ocals of these numbers give a comparative 
indication of the protective action of the corresponding materials. The 
r eciprocals ca l culated from Zsigmondy's work give values of 100 to 200 
for gelatin, 4 to 7 for gum arabic, and 0.04 for potato starch. It was 
of interest to compare the action of these different substances on the 
nickelous nioxime sus pension. 
A 2 pe r cent solution of starch was added in an attempt to stabilize 
the insolub le compound . As much as 10 ml. of this solution failed to 
keep the colored material in suspension when lOO)f or more of nickel was 
present. Another attempt using 10 ml. of 75 per cent gl ycerol in addition 
to 10 ml. of starch solution also failed. 
Similar studies were made with a saturated gelatin solutiono Por-
tions of 2, 4, 6, 8, and 10 ml. of this preparation were added to the 
flasks containing 1547' of nickel, and l ml. of ni oxime solution was 
added to each . The flasks were filled to 100 ml., and the contents were 
mixed. The absorbancies of these sus pensions, measured against appro-
priate reagent blanks, proved to be about 10 ,per cent lower than those 
obtained with gum arabic suspensions. Pr ecipitates settled out in all 
of the solutions after a few hours. Therefore neither of the two re-
agents tested a ppeared to be useful as a. stabilizing agent for the 
nicke lous complex . 
The effect of different volumes of gum arabic solution on the rate 
of color development was studied both in acid and in basic solutions. 
Dilute hydrochloric acid or dilute ammonium hydroxide was used to adjust 
the pH of the solution being prepared; each solution contained 154Y' of 
nickel. The appropriate volume of 10 per cent gum arabic solution and 
1 ml. of 0.8 per cent nioxime soluti on were added. The suspensions were 
made up to 100 ml., mixed, and the absorba.ncies were measured in 10-cm. 
cells, using the Beckman s pectroph otometer. 
Table 4 gives the values observed at different time intervals for 
solutions in the pH range 9,0 to 9.4. Table 5 gives the values obtained 
for solutions ranging fr om pH 4.0 to 4.9. 
The effects of gum arabic concentration and of pH are shown more 
graphically by Figure 2, which is a plot of absorbaney vs. time. Curves 
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Table 4 
Stability of Nickelous Nioxime Suspensi ons under 
Basic Conditions (pH 9 . 0-9.4) 
(Concentration of nickel, 154)' per 100 ml.) 
Time Absorbancy, 1.0-cm. cells, Beckman instrument 
~fter 
mixing Volume of 10% gum arabic solution added 
0.1 ml. 1.0 ml. 4. 0 ml. 
10 min. 0.063 0 . 073 0.072 
20 . 078 .075 
30 .080 .082 .077 
40 .086 .086 .079 
50 .090 .082 
1 hour .104 .093 .094 
2 .106 .106 .092 
3 .118 .115 .093 
4 .126 .122 .107 
5 .127 . 124 .106 
6 .130 . 127 .109 
7 .136 .132 .113 
8 .136 .133 .116 
9 .136 .136 .116 
11 .139 .137 .121 
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Table 5 
Stability of Nickelous Nioxime Suspensions under 
Acid Conditions (pH 4.0-4.9) 
(Concentration of nickel, 154, per 100 ml.) 
Time 
after 
mixing 
10 min. 
20 
30 
40 
50 
1 hour 
2 
3 
4 
5 
6 
7 
9 
a pH 4.0 
b pH 4.6 
c pH 4.9 
Abs orbancy, 1.0-om. cells, Beckman instrument 
Volume of 10% gum arabic solution added 
0.1 ml. 1.0 ml. 4.0 ml. 
O.l42a O.l40b O.l37c 
.142 .141 .138 
.142 .142 .138 
.143 .143 .139 
.145 .145 .140 
.145 .146 .142 
.146 .145 .142 
.145 .145 .142 
.146 .146 .143 
.147 .149 .144 
.147 .148 .144 
.144 .146 .142 
.147 .148 .144 
31 
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1 and 2 of this figure indicate the rate of color development in acid 
solution. Curves 3 and 4 show the rate in basic solution. The upper 
curve of each pair (1 and 3) wa~ plotted from the data for suspensions 
containing 1 ml. of gum arabic solution, and the lower curve of the pair 
(2 and 4) from the data for suspensions containing 4 ml. of the solution. 
The absorbancies for the samples containing 0.1 ml. of gum arabic solu-
tion were so nearly identical to those containing 1 ml. that the points 
were not plotted . 
All of the solutions reached the same absorb~ncy after standing for 
at least a day , as Table 6 indicates. Thus the curves drawn in Figure 2 
all eventually approach the up per curve. 
Time 
after 
Table 6 
Stability of Nickelous Nioxime Suspensions 
Several Days After Mixing 
Absorbancy with differing volumes 
arabic solution 
of 10% gum 
mixing in basic solutionsa in acid solutionsb 
0.1 ml. 1.0 ml . 4. 0 ml. 0.1 ml. 1.0 ml. 4.0 ml. 
2 hours 0.106 0.106 0.092 0.14 6 0.145 0 .142 
9 .136 .136 .116 .147 .148 .144 
1 day .142 .142 .139 .148 .148 .150 
2 .144 .145 .144 .148 .148 .149 
4 .144 .146 .148 . 146 .148 .149 
5 .146 .149 .148 .147 .150 .149 
7 .146 .149 .153 .141 .149 .154 
a Same solutions and method of measurement as in Table 4. 
b Same solutions and method of measurement as in Table 5. 
It was concluded from this series of experiments that the suspensions 
should be prepared in a slightly acid medium, as t h e color intensity 
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reached a relatively constant value within 1 or 2 hours under such condi-
tions. 
Solutions of increasine nickel concentration up to 770 Y of nickel 
per 100 ml., stabilized with 1 ml. of gum arabic solution, did not pro-
duce any appreciable settling for a t least 24 hours. Higher concentrations 
of nickel were not investigated, since the absorbancy readings were beyond 
the most accurate range of the spectrophotometer. 
One ml. of the stabilizing solution was chosen as the optimum volume, 
since it did not drastically decrease the rate of color formation but was 
sufficient to hold the colored materia l in suspension at the concentra-
tions which were likely to be encountered. 
3. Effect of pH 
The effect of pH on the rate of color development has been shown in 
the last section. A more complete study of its role was made to deter-
mine a suitable pH range for the method. 
A se~ies of solutions, each containing 77 Y of nickel per 100 ml., 
was prepared. The pH of each solution was adjusted with dilute hydro-
chloric acid or dilute ammonium hydroxide, 1 ml. of 10 per cent gum 
arabic solution was mixed in, and then 1 ml. of 0.8 per cent nioxime 
solution was added. The sus pensions were diluted to 100 ml. 1 mixed, and 
allowed to stand 2 hours before the absorbancy measurements were made 
with the Beckman spectrophotometer, using 1.0-cm. cells. 
A second series containing 154?f of nickel per 100 ml. was prepared 
in the same manner. In this case the spectrophotometric readings were 
not made until four hours after mixing. 
Table 7 tabulates the results obtained for the two sets of suspen-
sions. No color developed at pH 2.4 or below, and at pH 2.6 the reaction 
was incomplete. The data from Table 7 was plotted in Figure 3. The 
lower curve (77, of nickel) shows the decrease in absorbancy observed 
as the pH was increased o The scatter of the points at the higher pH 
values may be attributed to the retardation of color development. The 
upper curve (1541' of nickel) does not show the decrease so clearly 
because of the longer period allowed for color development. 
From Figure 3 it is apparent that the color may be developed in the 
pH range 3 to 10, provided that sufficient time is allowed in order to 
reach the maximum intensity. However, in the interest of speed, the pH 
of the solution should be between pH 3 and 7. 
4. Calibration curves 
Spectrophotometric data for quantitative analysis is usually plotted 
either as absorba~cy vs. concentration or as percentage transmittancy 
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Table 7 
Effect of pH on Absorbancy of Nickelous Nioxime 
Suspensions 
(Beckman spectrophotometer, 1.0-cm. cells) 
77 1 of nickel/100 ml. 154 ?'of nicke 1/100 
pH Absorbancya pH Absorbancyb 
1.8 o.ooo 2.3 o.ooo 
2.9 .077 2.4 .ooo 
3.7 .077 2.6 .069 
5.4 .075 2.8 .143 
7.3 .076 3.6 .14? 
8.1 .072 4.7 .143 
9.1 .075 6.3 .142 
10.0 .072 8.4 .140 
11.0 .077 9.2 .143 
12.0 .062 10.0 .142 
a Two hours after mixing. 
b Four hours after mixing. 
35 
ml. 
on a logarithmic scale vs. concentration. ' Accordi'ng to the combined 
Bouguer-Beer relationships (37, p. 42), a straight line should result. 
The proportionality follows directly from this basic law of absorption, 
which is expressed as 
As= log10 1/Ts.: kbc, 
where b is the inside length of the cell, k is the extinction coefficient, 
and c is the concentration of the absorbing compound. 
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Although apparent deviations from the Bouguer-Beer relationship are 
often attributed to the substance being measured, it is a necessary con-
sequence of the laws that all absorbing materials must conform. There-
fore such deviations are actually a result of other factors, such as 
dissociation or association of the compound, · heterogeneous light sources, 
and interferences. Conversely, conformity to the laws indicates that 
the system has been prepared under reasonably reproducible conditions 
and measured by a suitable instrument. 
Mellon (37, p. 81) feels that the publication of a Beer's law curve 
gives little information, since the extinction coefficients obtained with 
different instruments may vary wide l y . Ringbom (49) has suggested a 
method of plotting which has the advantage of providing a quick estimate 
of the most ac curate range, as well as of the relative error. If the 
percentage transmittancy or percentage absorptancy is p lotted against 
the logarithm of the concentration , the resulting curve has the slope 
dTs/d log10 c, where Ts is the transmittancy of the sample, and c is the 
concentration. The slope at any point can be evaluated readily by 
drawing the tangent to the curve and finding the change in percentage 
transmittancy for a sinele cycle on the logarith mic axis . 
The accuracy of a photometric determination is greatest when 
=---
de d ln c 2.303 d log c 
--c 
reaches a maximum, i.e., ~mere the slope of the curve is largest. Re-
arrangement of the equation gives 
de 
c 2. 303 
err;-= dTs 
d log . c 
or 
per cent relative analysis error ____ 2~30~---
per cent absolut.e photometric error dT 5 
d log c 
Thus an estimate of the relative error can be obtained from the slope 
of the curve at the concentration being determined. In addition, a 
glance at the figure will indicate quickly the most accurate range for 
which a particular c.ell length can be used. 
Fie;ure 4 was prepared according to Ringbom' s method . The absor-
bancies for the suspensions in 5.0-cm. cells were obtained with the 
Beckman instrument. Each sample was prepared by introducing the nickel 
the nickel solution into a 100-ml. flask, mixing in 1 ml . of 20 per cent 
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secondary ammonium citrate soluti on, and then developing the color as 
usual. The purpose of the citrate will be discussed in the section on 
interferences. A reagent blank, containing the same concentrations of 
citrate, gum arabic, and nioxime solutions, was used as the reference 
solution. 
Table 8 
Percentage Transmittancy of Nickelous Nioxime Suspensions 
Nickel, Percentage transmittancy in glass cells 
)I per 1.0-cm. 5.0-cm. 10.0-cm. 
lOOml. calculated observed calculated 
5. 30 98.9 95.1 89.0 
10.6 98.6 89.4 79.4 
21.2 95.5 79c2 63.0 
31.8 93.3 71.0 50.0 
42.4 91.1 63.3 39.8 
53 .0 89.1 56.3 31.7 
63.7 87.0 50.1 25.0 
74.3 85.1 44.4 19.9 
84.9 83.1 39.8 15.8 
95.5 81.3 35.3 12.6 
106.1 79.4 31.4 10.0 
116.7 77.6 28.1 8.0 
127.3 75.8 25.1 6.3 
137.9 74.1 22.2 5.0 
148.5 72.4 19.9 4.0 
159.2 70.7 16.9 3.1 
212.2 63.0 9.1 1.0 
265.3 56.1 5.0 0.3 
318.3 48.9 2.7 0.1 
424.4 39.8 1.1 o.o 
770.0 18.7 0.3 o.o 
The curves for 1.0-om. and for 10.0-cm. cells were calculated from 
the data for 5.0-cm. cells. An average value for the extinction co-
efficient, 
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was calculated from the observed percentage transmittancy values by use 
of the Bouguer-Beer equation. This value of k was used to ca l culate the 
transmittancies for the cells of different lengths. Both the observed 
va lues for 5.0-cm. cells and the calculated values for 1.0-cm. and 10.0-cm. 
cells are given in Table 8. Fi~ure 4 was plotted from these data . 
Experimental values for the percentage transmittancy of t he nickelous 
nipxime in 1.0-cm. cells agreed well with the calculated curve in Figure 4 . 
The values reported in Table 13 followed the curve with only small devia-
tions. Five other solutions, containing higher concentrations of nickel 
(to 770;f per 100 ml.), also checked within experimental error. 
Ringbom has shown that the inflection in the calibration curve 
occurs at 36.8 per cent transmi.ttancy. At tris transmittancy the rela-
tive error for 1 per cent photometric error has its mi nimtm val ue of 
2.7 per cent. Since the slope of the curve does not change r apidly i n 
its central region, a moderate range of concentrations can be determined 
without a great loss in accuracy . Calculations based on the slopes of 
the curves in Figure 4 indicate that nickel may be determined with reason-
able accuracy over a rather wide range , if cells of proper length are 
chosen. Within the range 20 to 60 per cent transmittancy , the r elative 
error for 1 per cent ph otometric error would be 3 .3 per cent; for values 
between 10 and 80 per cent, t he relative error would rise to 5. 6 per cent. 
Table 9 gives the ranges of nickel concentration which may be deter-
mined within these limits of relative error. Th,ese vaJ.ues were obtained 
by inspection of Figure 4. The optimum range should be that Vlhich kee ps 
the transmittancy between 20 and 60 per cent. The additional range ob-
tained by reading solution s at a s low a s 10 per cent or as high as 80 per 
cent transmittancy can be gained only at the cost of accuracy. It is 
often necessary in trace analysis, however, tow or k with concentr ations 
which are below the optimum range . 
It has been necessary in discussing the semilogarithmic plots to 
emphasize the effect of photometric errors. However, the relative errors 
produced by the Beckman instrument will ordinarily be much smaller t han 
3 to 5 per cent, because t he instrument can give readings which are repro-
ducible tot0.2 percentage units . Thus the relative analysis error due 
to instrumental error alone should 'Je about 0.5 to 0 .7 per cent. I t will 
become apparent in the later aiscussion that improving the reproducibility 
of the colored system presents a much greater problem. 
Although Ringbom 1 s method of plotting photometric data is particu-
larly usefu l in evaluating the range, the usual Beer 's l aw line is more 
convenient for the application of a spectrophotometric method of analysis. 
In addition, the straight line relationship is amenable to statistical 
analysis for experimental ~rror and apparent failure to conform to the 
absorption laws. 
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Table 9 
Optimum Concentration Ranges for the Spectrophotometric 
Measurement of Nickelous Nioxime 
Cell length 
em. 
1.0 
5.0 
10.0 
Concentration of Nickel, yper 100 ml . 
20-60 per cent 10•80 per cent 
Transmittancy Transmittancy 
230 - 700 100 - 1000 
46 - 140 20 - 200 
23 - 74 10 - 100 
.it.· 
'" 
41 
The usual method of p lotting calibration data indicates with a 
reasonable degree of certainty . the validity of a straight-line plot, but 
a statistical treatment of such data is to be desired. The accepted 
method of finding the best straight line through a s~t of points is the 
"least squares method." The procedure is explained at length in mathe-
matical and statistical texts, as well as in various chemical publica-
tions. 
Youden (66) has discussed the calculation of the best straight line 
and of the standard deviati on from it. The formulas for the calculation 
- . . . 
of the coefficients for the line y: bx+ a are given in Table 10. 
The results for 5~0-cm. cells reported in Table 8 were used for a 
statistical analysis. The higher· concentrati ons were not included in 
this treatment, since they were clearly beyond the optimum range. It 
was necessary to include the lower concentrations, however, be.cause 
trace analysis often requires determinatioJ:l of samples ·which fall below 
the best range of a method. 
The percentage transmittancies in Table 8 were converted to absorb-
ancies and recorded in Table 11. The values for nickel concentr.ation, x, 
~d absorbancy, y , were used to compute %:x, E_y, s;. xy, and ,£x2. These 
in turn were substituted into the formulas of Table 10 to calculate the 
least squares line for the data. Table 12 gives the :results of the compu-
tations. 
The second column of absorbancies in Table 11 was calculated 'by 
substitutin~ the appropriate concentration values into th€ equation 
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Y ... = 0 .004820 x+ 0.0052. The r esiduals, which are the differ ences 
be ween the observed and calculated absorbancies, provide a check on the 
reliability of the calculations. 
Table 10 
Formulas for Statistical Evaluat ion of 
Spectrophotometric Data 
Least squares line: 
Calculat ion of coefficients for y = bx -1- a 
n.J:~ - -i:x ~ slope, b = n£J( _ ( ~x 
intercept a = ~ Y - b ~x 
' n 
n is the number of cases 
Values for Yc are calculated from the equation. 
Standard deviations: 
for a single analysis, s = ~(y - trc) 2 
n -
for the intercept, sa = s ( ~x)2 
for the slope, sb::.~ S 
. I:x2 - ( ~x)2 
n 
A bett er indication of the pr eclslon of the analyses is given by 
the standard deviations recorded in Table 12. The standard deviati on 
for a single analysis, s = 0.003, corresponds to an abs olute error of 
0. 62 Y of nb kel. 
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Table 11 
Absor ption of Nicke1ous Nioxime Suspensions in 5.0-om. 
Cells 
(Beckman instrument readings and least squares fit) 
Nickel , Absorbancy Residuals 
7'/ 100 ml. Observed Calcu1ateda 
X y Yc Y- Yo 
o.oo 0 . 005 0.005 ±o.ooo 
10.61 .054 .056 -.002 
21.22 .107 .108 -.001 
31.83 .156 .159 -.003 
42.44 .206 .210 - .004 
53.05 .258 .261 -.003 
63.66 .310 .312 -.002 
74.27 .364 .363 + .001 
84.88 .412 .414 -.002 
95.49 • 466 .466 + .ooo 
106.1 .519 .517 -r .002 
116.7 .569 .568 + .001 
127.3 .620 • 619 -+- .001 
137.9 • 676 -.670 + .006 
148.5 .726 .721 + .005 
n = 15 
a Yc = 0 . 004820 x+ 0 . 0052 . Method of computation indicated 
in Table 10 and Table 12. 
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Another statistical treatment was carried out on a series of suspen-
sions measured in 1.0-cm. cells. The procedure for pre paring these 
suspensions ,was as follows: increasing volumes of a standard solution 
containing 10.61)' of nickel per ml. were measured into 100-ml. volQmetric 
flasks from a 10-ml. burette; 1 ml. of 10 per cent gum arabic solution , 
and 1 ml. of 0 .8 per cent nioxime solution were added to produce the color. 
The sus pensions we re mixed well after dilution to volume, and the percent-
age transmittancy of each was found with the Beckman spectrophotometer. 
The reference solut ion was a reagent blank containing 1 ml. each of gum 
ar ab ic solution and nioxime solution in 100 ml. 
Table 12 
Results of Computations on Observed Data from Table 11 
Summat i ons: £ x = 1113. 95 
~y :; 5.448 
' • 
~xy -= 557.9 
.zx2 = 114534 
n = 15 ~ (y - Yc)2 = 115 x 10-6 
Least squares line: Yc = 0.004820 x -+ 0 .0052 
single analysis, s = 0.0030 
i ntercept, sa = 0 . 0014 
slope~ Sb = 0.000016 
The instrument r eadings are recorded in Table 13. These values 
were converted to absorbancies, and the method of comput a t ion indicated 
in Table 10 was repeated . The results are in Table 14. Although the 
entire concentration range for this set of data was below the optimum, 
the standard deviation was smaller than that obtained for the previous 
set of data. It should be noted, however, that this value corresponds 
to lo9,t of nickel per 100 mlG, or nearly three time s the absolute error 
found for the 5. 0-cm. cells. 
The residuals in Table 13 show no .definite trend; t hus t hey provide 
evidence that the nickelous nioxi me sus pensions do conform to Beer's law, 
at least to 11 concentrati on of 212 'Y of nicke 1 pe r 100 ml. 
.. 
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Table 13 
Absorption of Nickelous Nioxime Suspensions in 1.0-om. 
Cells 
(Beckman instrument readings and least squares fit) 
Nickel, % Trans- Absorbancy Residuals 
f"/100 ml. mittancy, Observed Calculated a 
X 100 Ts y Yo y - Yo 
10.6 98.3 0.008 0.007 + 0.001 
21.2 95.6 .020 .018 + .002 
31.8 93.4 .030 .029 + .001 
42.4 91.2 .040 .039 
-t .001 
53.0 89.3 .050 .050 j; .ooo 
63.7 87.3 .059 .060 .001 
74.3 85.0 .071 .071 j; .ooo 
84.9 83.0 .081 .082: - .001 
95.5 81.5 .089 .092 - .003 
106.1 79.3 .101 .103 -.002 
127.3 74.9 .126 .124 + .002 
148.5 71.3 .147 .145 4-- .002 
169.8 68.3 .166 .166 ± .ooo 
191.0 64e4 .191 .187 + .004 
212.2 62.2 .206 .209 - .003 
n = 15 
a Yc = 0.000998 x - 0.0032. Method of computation indicated in Table 10 
and Table 14. 
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Table 14 
Results of Computations on Observed Data from Table 13 
Summations: ~x = 1432.35 ~xy = 186.94 
~y = L3812 ~x2 = 191939 
n =15 l:(y-yc)2 :47.83 x 10-6 
Least squares line: Yc= 0.0009980x- 0.0032 
Standard deviations: 
single analysis, s = 0.0019 
intercept, sa-== 0~0009 
slope, sb = Bel x 10-6 
A more de pendable method of detecting any nonlinearity in the rela-
tionship between absorbancy and concentration h as been worked out by 
Mandel ( 33). His procedure requires the use of a series of duplicate 
determinations which provide a means of comparing the variability due to 
departure from linearity with that due to experimental error . 
Solutions were prepared in duplicate as follows: standard nickel 
solutions (10.00?" per mle), measured from a 10-ml. burette into 100-ml. 
volumetric flasks, were treated with 1 ml. of 10 per cent gum arabic 
solution and 1 ml. of 0.8 per cent nioxime solution. The two sets of 
solutions were prepared on separate days. The suspensions were a llowed 
to stand 2 hours after being diluted to volume and mixed, t hen they were 
scanned in 5.0-cm. cells with the Cary instrument. The absorbancy values 
at 550 r¥L are shown in Table 15. 
The average absorbancy readings were used to calculate the least 
squares line by use of the equat ions from Table 10. The least squares 
fit is ind icated by the residuals, y0 - y0 , and by Fieure 5. The figure 
consists ·of the calculated least squares line and the observed absorb-
ancies . The circles represent the series Yl and the triangles the series 
Y2 in Table 15. No trend away from the line can be seen, although it is 
apparent that the second series was consistently lower than the first. 
These differences may be explained at least in part by different zero 
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settings on the Cary instrument and by instrument driftg for which no 
correction was madeo 
The test for nonlinearity was conducted by means of the equations 
discussed by Mandel (33)o The analysis of variance consists in comparing 
the mean squares for the experimental error and for the departure from 
linearityo The calculation of these quantities is indicated in Table 16o 
Mandel has shown that the important relationship between the two 
quantities is that the mean square value corresponding to departure from 
linearity measures the effects of both nonlinearity and experimental erroro 
This fact makes it possible to estimate the effect of nonlinearity by 
considering the ratio of the mean squares. Such a test is known as the 
"F-test~" and tables for this variance-ratio are available. If the data 
were perfectly linear ~ the value ofF would be 1, except for random 
fluctuationso The F table indicates-the extent to which these fluctua-
tions influence the-ratioo 
In Table 16 it can be seen that F = lo41. On entering the F table 
under the appropriate degrees of free<fomg one discovers that F( 5-per cent): 
2o53o Thus the ratio would be as great as 2.53 by chance aTone 5 times 
out of lOOg and no significance can be attached to a ratio as small as 
lo4lo 
In view of the satisfactory least squares fits obtained with three 
sets of calibration data~ and in particular because 'of the more rigorous 
analysis of variance just described, it was concluded that the n~ckelous 
nioxime suspensions obey Beer's law rigorously. In addition to sub-
stantiating the validity of straight line plots of the data, the statisti-
cal treatment has provided a sound estimate of the reproducibility of the 
methodo The standard deviation is an objective and meaningful basis for 
reporting data and for comparison of one method with others. 
5. Interferences 
A study of likely interferences is necessary for any new metho~ of 
analysis, but it is particularly important in trace analysis because 
foreign ions may completely mask the reaction desired. Therefore the 
selectivity of nioxime had to be studied. 
It "Was felt that scanning-curves with the Cary spectrophotometer 
would not only indicate the existence of an interference but would also 
give information concerning its nature. Such results proved to be so 
much more useful than constant wavelength studies that most of the solu-
tions containing f?reign ions were measured with the Cary instrument. 
The general procedure adopted was to prepare suspensions containing 
known amounts of nickel in the presence of larger amounts of a foreign 
ion. The color was then developed according to the procedure described 
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Table 16 
Analysis of Variance for Observed Data from Table 15 
Summations: .L(yl Yc)2 = 235 x 10-6 
.[(y2 - Yc)2 = 402 x 10-6 
E_(y0 - Yc)2 == 174 x 10-6 
r. (y1 - y2) 2 = 577 x lo-6 
Total variability: 2n - 2 = 26 degrees of freedom 
Experimental error: n = 14 degrees of freedom 
Departure from linearity: n1 = 12 degrees of freedom 
2 £(yo- Yc) 2 = 29.0 x 10-6 
n - 2 
Test for goodness of fit: 
Variance-ratio= F = ~5:~ = 1.41, n1 = 12g n = 14 
The F table (54, .P• 184) gives !(5 per cent) = 2.53 for 
n1 = 12 and n = 14. 
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in previous sections, and after a suitable time the absorption spectrum 
was obtained. Suspensions containing ions which did not interfere pro-
duced absorption spectra nearly matching those of pure nickel solutions. 
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As already indicated by the statistical computations of the previous 
section~ certain random fluctuations were to be expected. In the wo rk 
with foreign ions these fluctuations were sometimes larger t han the author 
expected, yet it was apparent on further examination that the ions c ould 
not be interfering . The diffi culty was met by the use of "confidence 
limits" as recommended by Brownlee (6 , p . 59). The concept of confidence 
limits is based on the assumption that the deviations from the least 
squares l i ne form a normal distribution curve. For this type of distri-
bution~ Brownlee has stated t hat the limits may be obtained by finding 
the value of t x s, where t can be obtained from Student ' s t tables» and 
s is the calculated standara deviation for a single analysis. 
From Table 15~ the standard deviation pr oved to be s = 0.0049 9 with 
26 degrees of freedom. In the t table (54~ p. 58)» under 26 degrees of 
freedom ~(1 per cent) :: 2.779. -Therefore 
t X S = 2o 779 X 0o0049 == 0 0 014. 
The conclusion was that 99 per cent of the nickel suspensions should fall 
no more t han 0.014 absorbancy units from the reference curve , the compari-
sons being made in 5.0-cm. cells at 550 mp a The foreign ions which 
produced results outside of these confidence limits were treated as inter-
f erences . 
Solutions of the ions to be tested were prepared from their reagent-
gr ade sa lts . 'Whenever possible 9 the pH of the solution was adjusted to 
the r ange 3.5 to 6 before adding nickel and the color-f or ming reagents. 
Two levels of nickel concentr ation were used: 20 ( and lOO:Y per 100 ml. 
In nearly all cases 20 mg. of the foreign ion was used to test the effect 
on the final absorbancy. As a precaution, the pH of each solution was 
determined after mixing to insure that the system was in the prope r pH 
range . 
Most of t he ani ons listed in Table 17 did not interfere when present 
in the ratios listed . Only those indicated by s pecial remar ks pr oduced 
results which fell outside of the confidence limits. The interferences 
found were of three general t ypes~ precipitation, positive interference 
due to absorption by the anion, or negative interference due to side 
reactions a 
Hexanitrato-cerate pr oduced a precipitate when ammonium hydr oxide 
was added to raise the pHo The oxalate solution became c~oudy upon the 
addition of gum arabic . Therefore it was impossible to continue the 
determinations with these ions. 
Small positive deviations were produced by the dichromate and the 
vanadate ions because of their absorption at 550 m~ . These ions absorb 
strongl y only below 540 t o 530 m~~ therefore they can be tolerated in the 
concentrati ons indicated. On the other hand. potassiUm permanganate 
abs orbs so strongly at 550 m~ that it must be absent. 
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Table 17 
Effect of Anions on Spectrophotometric Determination of 
Nickelous Nioxime Suspensions 
Ion 
Acetate 
Arsenite 
Borate 
Bromate 
Bromide 
Carbonate 
Cerate 
Chlorate 
Chloride 
Citrate 
Cyanide 
Dichromate 
Ferri cyanide 
Ferrocyanide 
Fluoride 
Iodate 
Iodide 
Mandelate 
Added as 
NaC2H3o2 
As203 (in NaOH) 
NaHC0 3 
(NH4) 2Ce(No3) 6 
KC10 3 
KCl 
HC l ( + NaOH) 
(NH4) 2HCGH507 
IifaCN 
K3Fe(CN) 6 
K4Fe(CN) 6 
NaF 
KI03 
KI 
¢ cr-IOHCOOH 
Ratio 
Ion:Ni 
1000:1 
1000:1 
1000:1 
1000:1 
1000:1 
1000:1 
Remarks 
pH 6.4 
precipitated at pH 3 
1000:1 
1000:1 
21000:1 
8000:1 
interfered 
1000:1 
1000:1 
interfered 
1000::1 
interfered 
1000:1 
1000:1 
slightly low 
no color 
slight absorp-
tion by ion 
no color 
10% low 
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Table 17 (Continued) 
Ion Added as Ratio Remarks 
Ion:Ni 
11. olybdate (NH4) 6Mo024 1000:1 
Nitrate NaN03 1000:1 
mm3(--rNaOH) 50000:1 
Nitrite NaN02 1000:1 
Oxalate Na2c2o4 interfered cloudy 
Perchlorate NH4Cl04 1000:1 
Permanganate KMno4 interfered absorbed at 
550 mft 
Phosphate H3Po4 ( + NaOH) 42000:1 slightly low 
Silicate Na2SjQ3 1000:1 
Sulfate Al2(so4) 3 5600:1 
Tartrate KHC4H4o6 80:1 
Thiocyanate KCNS 1000:1 
Thiosulfate Na2S203 1000: 1 
Tungstate Na2W04 1000:1 
Vanadate NaV03 1000:1 slight absorp-
tion by ion 
Versenate disodium salt interfered no color 
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Three of the ions tested prevented the formation of the nickelous 
nioxime compound . The cyanide and the versenate ions form stable com-
plexes with nickel, and their interference was not unexpected. The 
ferrocyanide ion also prevented the development of the usual color, 
although there was some absorption due to t he color of the ion itself. 
The iodate ion produced low results but did not stop t he reaction. 
Some of the cations tested present more difficult problems. In 
Table 18 the ions which produced interferences are again indicated by 
special remarks. The remaining cations did not cause deviations out-
side of the confidence limits. Three types of interferences were 
observed: precipitation, absorption by the ion, and reaction with 
nioxime. 
Willard and Diehl (63, p . 45) have listed the pH values at which 
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the hydrous oxides of a few cations precipitate. Since the determination 
of nickel must be run above pH 3 to 3.5, several of these ions cannot be 
present. Titanium, zirconium, hafnium, vanadyl, ferric, stannous, and 
stannic ions produce precipitates at the pH of the color-forming reaction, 
therefore they must be absent or kept in solution by suitable complexing 
agents. 
The chromic ion is .colored, and at the higher ratio of 1000:1 it 
produced a positive interference. The lower concentration was not suffi-
cient to exceed the tolerances. 
The transition elements, iron, cobalt, and copper, reacted with 
nioxime to produce c olored complexes which absorbed appreciably in the 
vicinity of 550 mtw• The intensities of the colors appeared to be of 
the same.order as that of nickelous nioxime itself; therefore these ions 
wer e the most troublesome interferences encountered. 
The reaction of the ferrous ion has been the main problem in this 
work, and no method for the elimination of copper or cobalt interference 
has been tested. It appears that the preliminary removal of copper by 
one of the methods already proposed ( 9, 20, 53, 3, p . 161) would be . 
necessary. Johnson and Simmons (29) have recommended a procedure for 
extracting nickel from cobalt salts. 
A reaction of ferrous iron with nioxime has been re ported by Mathews 
(34) and ~· Griffing and Me llon (19) ·. The presence of ammonia or an 
amine was said to be necessary for the formation of this red or purple 
complex. Griffing and Mellon reported the absorption maxima obtained in 
the presence of three nitrogen-containing bases; with pyridine the peak 
was at 531 m,r.<, with ammonh. at 543 ril,M, and with n-butylamine at 550 rry.t'· 
Mathews reported that the ferrous-nioxime-~mine complexes with ammonia, 
hydrazine, and ethylenediamine all produced peaks at 540 m~. It is 
apparent that these complexes would seriously inter:fere with spectro-
photometric measurements at 550 m;.<• 
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Table 18 
Effect of Foreign Cations on Spectrophotometric 
Determination of Niokelous Nioxime Suspensions 
Ion Added as 
Ammonium NH4Cl04 
Sodium NaCl04 
Potassium KCl 
Berylliu.rn BeC12 
Magnesium MgS04 
Calcium CaC12 
Strontium SrC12 
Barium BaC12 
Lanthanum LaC1 3 
Titanium 
Z.irconium] 
(Z r-Hf)Cl4 
Hafnium 
Hydroxylamine NH20H•HCl 
Vanadyl VO(Cl04)2 
Chromic CrC13 
Manganous MnC12 
Ferrous FeS04 o 
(NH4) 2S04 
Ferric 
a Willard and Diehl (63~ pc 45) 
Ratio 
I on:Ni 
1000:1 
1000:1 
1000:1 
1000:1 
1000:1 
1000:1 
1000:1 
1000:1 
1000:1 
Remarks 
hydrous oxide at pH 2a 
hydrous oxides at pH 3a 
2500:1 
precipitated at pH 4 
. 50:1 
1000:1 
slight abs orp-
tion by ion 
interfered reacted with 
nioxime 
hydrous oxide at pH 2-3a 
Ion 
Cobaltous 
Cupric 
Z.inc 
Cadmium 
Mercuric 
Aluminum 
Stannous 
Stannic 
Plumbous 
ISC-93 
Table 18 (Continued) 
Added as 
Z:n(N03)2 
CdS04 
Hg(C104h 
Al2(SO 4) 3 
a Willard and Diehl (63, p. 45) 
Ratio 
Ion:Ni 
Remarks 
interfered reacted with 
nioxime 
interfered reacted with 
nioxime 
1000:1 
1000:1 
1000:1 
1000:1 
hyctrous oxide at pH 3a 
precipitated at pH 2 
1000:1 
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Mathews mentioned that the color intensity of the ferrous-nioxime-
amine complexes decreased as the .pH of the solution was lowered. He 
aH; o discovered that the r ed or pur ple co lor could be destroyed by pass-
ing oxygen through the solution. Neither M.attews nor Griffing and Mellon 
reported a reaction between ferrous iron and nioxime in acid solution, 
although Mathews stated that the color of his complex disappeared and the 
solution became yellow when an excess of acid was added. 
The author found that the addition of nioxime to an acidic solution 
of the ferrous ion produced a soluble reddish-orange compound which dis-
played properties quite different from the ferrous-nioxime-arrine complexes 
previously reported. In particular, the reddish-orange complex could be 
formed even at low pH's, did not require the pr·esence of an amine or 
ammonia, was stable to oxygen, and had a characteristically different 
absorption s pectrum. 
The formation of the colored complex was carried out with a ferrous 
sulfat~. solution at pH 2. The addition of concentrated sulfuric acid 
produced a fading of the color, but the solution did not become colorless 
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until the pH was lowered to 0,5, It was observed also that ferric sulfate 
solutions slowly produced the color of the ferrous complex when ni.oxime 
was added. An attempt to discharge the color by bubbling oxygen through 
the solutions failed; a rapid stream of the gas passing through the solu-
tion for an hou·r produced no detectable change in the color intensity. 
Spectral absorption curves were obtained for a solution prepared as 
follows: a slightly acid solution containing 500Y of iron was treated 
with 1 mlo of 10 per cent hydroxylamine hydrochloride solution to ensure 
the reduction of iron to the ferrous state; 4 ml. of 0,8 per cent nioxime 
.solution was added$ and the resulting ferrous solution was diluted to 100 
ml. with distilled water and mixed. The final pH was 4.0, The reddish-
orange solution was scanned from 380 to 700 miA ~ using 5,0-cm , cells and 
the Cary spectrophotometer. Curve 3 of Figure 6 shows the form of the 
curve obtained at 1 hour , The plateau occurred at 420 to 460 m~. The 
molecular extinction coefficient at 440 m~ was calculated to be 4900 . 
cm.-1(mole/liter)-l , This value is somewhat smaller than the molecular 
extinction coefficients for the ferrous-nioxime-~~ine c omplexes reported 
by Mathews. His values were 6490 to 8639.* It should be observed that 
there was a sharp rise in the author 1 s experimental curve below 400 m;u; 
thus a maximum might be found in the lower visible spectrum, 
Many different procedures have been suggested for the elimination 
of iron interference in the colorimetric determination of nickel. Pieters 
and coworkers (47) merely applied a correction for iron, More positive 
methods include the precipitation and removal of iron or nickel$ the ex-
traction of nickel compounds v the addition of complexing agents$ combina-
tions of these methods, 
Hal l and Young (21) used a preliminary precipitation and separation 
of iron, but this method has its dangers in trace analysis. The loss of 
the minor constituent due to occlusion and coprecipitation can occur 
readily, 
Sandell and Perlich ·(52) proposed an extraction in which nickelous 
dimethylglyoxime was removed from an ammoniacal citrate solution with 
chloroform. Johnson and Simmons (29) used a similar technique to extract 
nickelous nioxime from cobalt solutions, The nickel was removed with 
benzene, while the cobalt was kept behind as the cobalticyanide complex, 
The author's attempts to extract nickelous nioxime from ammoniacal 
citrate solutions were only partially successful. Although the nickelous 
complex appeared to pass into the organiC layer (chloroform or benzene) 
if no iron was present, a clean separation of the layers was impossible 
• No dimensions were given, but it was assumed that the same units appliedP 
i . ~· » cm.-l(mole/liter)-1 , The wavelength of measurement was 540 m~. 
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FiQure 6.- Absorption spectra of complexes of iron, obtained with the Cory instrument, 
.usinQ 5.0 em. cells. Curve 1, nickelous nioxime, and curve 2, oxidized dimethyiQiyoxime 
complex, at 10 minutes, 154y of nickel in each. Curve 3, ferrous nioxime, 500y of iron; 
Curve 4, ferric citrate, 2000 y of iron. Volume of solution, 100 mi. 
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in the presence of iron. It was observed on further investigation that 
even in the absence of foreign ions, niokelous nioxime tended to collect 
at the interface but apparently was not actua~ly extracted into the 
organic layer. According to Feigl (13, Po 407) nickelous dimethylglyoxime 
is only slightly soluble in chloroformo His generalization "that excell-
ent solubility in chloroform is a characteristic of only those inner 
complex compounds whose molecules contain no free acidic or basic groups", 
confirms the conclusion that nickelous nioxi~e is not sufficiently soluble 
to be extracted readily. In addition to the unsatisfactory preliminary 
results with chloroform and benzene, the desire for greater simplicity 
and ease of manipulation dictated that the elimination of iron interfer-
ence be accomplished by other means. 
A more generally accepted method for eliminating iron interference 
has been the use of various complexing agents. The tartrate ion has been 
added to complex ferric iron, particularly in strongly basic solutions 
(32). The citrate ion has been used more widely for this pur pose (20, 
23, 41, 58}. Seaman (53) reported that ammonium citrate reduced but 
did not eliminate the ferric iron interference at · 475 11tft• He also dis-
covered that an excess of the citrate ion reduced the color intensity of 
the oxidized nickel dimethylglyoxime complex. 
The effectiveness of the citrate ion as a complexing agent for iron 
appeared to be worth investigating. Two ml. of a ferric chloriae solu-
tion ( loO mg. of iron per mlo) was mixed with 5 ml • . of 10 per cent 
dia.mmonium citrate solution and diluted to 100 ml. The pH of the solu-
tion was 4.0. The absorption spectrum obtained with the Cary instrument, 
using 5.0-cm. cells, is given as curve 4 of F'igure 6. An almost super-
imposable curve was obtained with a s imilarly prepared solution at pH 
10.5. These curves were identical in appearance to previous ly published 
curves for the ferric citrate complex (41). As can be seen, the absorption 
above 500 m,.u was negligible, but below 490 m}'< the complex began to 
absorb appreciably. Curve 1, for nickelous nioxime, and curve 2, for 
complex A of dimethylglyoxime, have been included in Figure 6 to indicate 
the function of the complexing agent. The nickelous nioxime peak and the 
lower peak of the oxidized dimethylglyoxime curve are so located that 
they may be measured with negligible interference from ferric citrate. 
The latter complex does absorb at the position of the higher maximum of 
curve 2, however; the reason for the almost unanimous use of the smaller 
dimethyl glyoxime peak is apparent. 
A comparable test of the effectiveness of the tartrate ion as a. 
complexing agent gave a curve having a similar shape, but it was shifted 
toward the higher wavelengths. Thus there was greater danger of inter-
ference with the nickelous nioxime absorption peak, and it was concluded 
that, other things being equal, the ferri c citrate complex would be more 
sa.tisfa.ct ory. 
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The ferrous ion could no~ be complexed satisfactorily with ammonium 
or sodium citrate, and the addition of nioxime produced the color of the 
ferrous complex, although the intensi~J was less than that of solutions 
prepared without t he citrate ion. 
Attempts to complex the ferrous iron preferentially with thioglycolic 
acid (mercaptoacetic acid) failed. It was concluded from the results of 
several experiments that the ferrous nioxime complex had a lower instability 
constant in acid solutions than did the ferrous t hiog lycolic acid complex. 
Other reagents have been reported to complex ferro~s iron, but most of 
these have hi~her instability cons tants than thioglycolic acid . Versene 
pr evented the formation of the ferrous nioxime color, but the rea~ent 
interfered with the nickel determination*. 
The next step was to test the effect of nioxime on the ferric citrate 
complex. A solution was prepared as follows: 2 ml. of ferric chloride 
solution (1.0 mg. of iron per ml.) was mixed with 5 ml. of 10 per cent 
diammonium citrate solution, 1 ml. of 10 per cent gum arabic solution , and 
1 ml. of 0.8 per cent nioxime solution. After dilution to 100 ml. • this 
solution had the same pH and composition as the ferric citrate solution 
scanned before, except for the presence of the color-forming reagents. 
The scanning curve obtained for the new solution was displaced to a higher 
absorbancy by approximately the runount of the reagent blank, therefore no 
immediate action by nioxime was observed. 
The stability of the ferric citrate complex in the presence of nioxime 
did not prove to be unlimited, however. It was soon observed that solu-
tions which stood for a day or so slowly developed the reddish-orange color 
of the ferrous complex. In addition, attempts to separate nickel from 
ferric citrate solutions by precipitation with nioxime were unsuccessful, 
because digestion temperatures produced the ferrous compound, which could 
not be washed out of the precipitate. Voter, Banks, and Diehl ( 61) 
experienced the same difficulty. They reported that both tartrate and 
citrate, as we ll as nioxime, reduced iron to the ferrous state. 
In order to study the effect further, a series of solutions con-
taining 5.0 mg. of ferric iron in 10 ml. were pre pared. Measur ed vol umes 
of 20 per cent diammonium citrate solution were added, then the solutions 
were diluted to about 50 rnl. and adjusted pH 4.5 with dilute ammonium 
hydroxide. Each solution of one series was treated with 2 mL of Oo8 
per cent nioxime solution, but no nioxime was added to the c ontrol series. 
All of the sample s were heated near boiling for 90 minutes, the volumes 
being maintained by the addition of distilled water. At the end of this 
time the solutions were cooled and rinsed into 100-ml. volumetric flasks. 
The control series was then treated with 2 ml. of the nioxime solution. 
• See 'fable 18 
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The absorbancies of the final 100-ml. dilutions were measured at 550 m~, 
using the Beckman instrument and 1.0-cm. cells. 
Table 19 gives the results obtained at different time intervals. 
The four solutions contained the highest and the lowest citrate concen-
trations used. The solutions in the high and in the low citrate ranges 
contained, respectively, 10 ml. and 1 ml. of 20 per cent diammonium 
citrate solution. The columns headed "control" give the results for the 
solutions to which nioxime was added only after cooling . The "heated 
solutions" were treated with the reagent before heating. 
Table 19 
Increase in Absorbancy of Ferric Citrate Solutions Due to 
Reduction of Iron and Its Reaction with Nioxime 
Time 
after 
dilution 
l 
"E hour 
1 
2~· 
1 day 
Absorbancy at 550 mfl in 1.0-cm. cells 
High citrate range Low citrate range 
Control Heated soln. Control Heated solrt. 
0.003 0.012 0.008 0.040 
.004 .014 .019 .046 
.006 .016 .036 .056 
.008 .020 .070 .087 
.012 .027 .115 .137 
Three effects can be observed from the table: the significantly 
higher absorbancies of the solutions heated with nioxime, the increasing 
absorbancies of the control solutions, and the more rapid increase in 
the absorbancies of the solutions in the low citrate range. The same 
trends were observed at two intermediate concentrations of the citrate 
ion. It appears, t her efore, that the reduction was largely due to 
nioxime, and that the citrate ion was responsible to only a minor degree 
or not at all. 
Substitution of tartrate for the citrate produced no improvement. 
Preliminary tests of the stability of ferric tartrate in the pr esence of 
nioxime at pH 3 to 5 showed that the tartrate was much less stable than 
the citrate. 
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The importance of maintaining a high citrate concentration is sho?m 
by the difference between the high and low citrate control solutions in 
Table 19. However» the concentration of citrate ion permissible in the 
colorimetric solutions proved to be limited. It was found that high con-
centrations of the reagent retarded or completely prevented the reaction 
of low concentrations of nickel. After several sets of time studies» it 
was decided that 3 ml. of 20 per cent diammonium citrate solution in 100 
ml. final volume should be the upper limit» and that 1-2 ml. of the 
reagent was preferable if the absorbancy measurements were to be made 
within 2. hours after mixing. 
The perhlissible citrate concentrations decreased~ but did not en-
tirely eliminate, interference by iron. The three effects which appeared 
to be responsible for the interference were: (1) slight absorption by 
the ferric citrate complex itself~ (2) incomplete oxidation o'f the iron9 
and (3) slow reduction of ferric citrate. A suitable correcti on was 
possible for the first error. More directly9 an equal aliquot of the un-
known solution~ complexed with citrate, could be used as the reference 
solution. Heating the solution with a mild oxidizing agent and adjusting 
the pH to the proper range before the addition of nioxime helped prevent 
the immediate formati on of the ferr ous complex. The subsequent effect 
of reduction could be minimized by keeping the solutions cool and by 
making the spectrophotometric measurements within an hour or two after 
mixing. When more than 50 'Y of nickel was to be determined» the inter~ 
ference could be further minimized by doubling the citrate concentration. 
In order to provide an estimate of the blank correction necessary9 
a series of ten solutions~ containing 1 to 5 mg. of iron complexed with 
2 ml. of 20 per cent diammonium citrate solution» were analrzed for nickel. 
The known nickel concentration of the solutions was 21.2 ~ » in a final 
volume of 100 ml. The solutions all gave high r esults ranging from 1 to 
21 r of nickel. The standard deviation was 3.8?1 of nickel per milligram 
of iron. Therefore a blank correction was necessary for these concentra-
tions of iron. In general, the direct determination of nickel required 
a correction or a suitable blank when iron was present in the milligram 
or higher ranges. 
In the first attempts to apply the nickelous nioxime method to the 
determination of known tra~es of nickel in calcium» consistently low re~ 
sults were obtained. No evidence for interference by either the calcium 
ion or the chloride ion had been found previously 9 and there was little 
reason to believe that the effect was due to specific interferences . 
When low results were obtained in the pr esence of moderately high con-
centrations of other salts 9 it appeared more reasonable to attribute the 
effect to the ~oncentrations of the ions rather than to their particular 
identities. 
The amount of decrease in absorbency proved to be a functi on of con-
centration. Since the · spectrophotometric method was based on the color 
c 
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of the dispersed, slight ly soluble nickelous salt, the decrease was felt 
to be a manifestation of the diverse ion effect. The action of electrolytes 
on the solubility of s paringly soluble salts has been explained by the 
Debye-HUckel theory (18, p. 415). The equations derived from this theory 
show that the change in solubility is a function of ionic strength. There-
fore, the ionic strengths of increasing concentrations of several salts 
were calculated, and the effects of these concentrations on the a.bsorban-
cies of standard nickelous nioxime suspensions were observed. 
The salts used were calcium chloride, sodium nitrate, sodium sul-
fate, sodium perchlorate, and magnesium perchlorate. The solutions were 
all prepared to give ionic strengths ranging from 0.1 to 2.5. All of 
the solutions produced effects which were in qualitative a greement with 
the predictions of the Debye-Huckel theory , i. e •• there was a definite 
decrease in the a bsorbancy (thus in the quanti tyof colored material) as 
the ionic strength increased. 
Although quantitative agreement between the different salts was not 
expected, since the Debye-HUckel theory does not hold rigorously for high 
ionic strengths, the calcium chloride solutions were in close agreement 
with the sodium nitrate solutions. Vfuen the a.bsorbancies were plotted 
against ionic strengths, the two curves fell quite close toeether through-
out the range studied. The sodium sulfate solutions produced a more 
pronounced decrease in absorbancy over the higher portions of the range . 
The perchlorate solutions displayed the predicted effects at low 
ionic strengths; but as the concentrations were increased, the nickelous 
nioxime suspensions became cloudy and precipitates formed. By a process 
of elimination, it was decided that the perchlorate ion caused the coagu~ 
lation of the nickelous nioxime suspensions. No report concerning the 
relative effectiveness of the perchlorate ion .a.s a coagulating agent 
could be found in the literature. Nevertheles s , the ion definitely inter-
fered if it was present in more than milligram amounts. 
The effects produced by the other "inert" electrolytes were far less 
serious. The rate of decrease in a.bsorbancy was sufficiently small that 
the appropriate correctings could be made . The simplest method for elim-
inating these difficulties was to prepare the solutions for the nickelous 
nioxime calibration curve a t the approximate ionic strengths to be used 
in the analysis. The application of this procedure is to be discussed 
in the succeeding section. 
C. Determination of Nickel in Calcium Metal 
Since it is so widely used in the metallurgical industries, nickel 
is frequently encountered as a constituent or a contaminant in a. wide 
variety of products. Calcium metal often contains trace amounts of 
nickel, usually from accidental contamination. 
64 ISC-·93 
Abbey (1) has suggested a modification of Rollet's method for the 
colorimetric determination of traces of nickel in high purity magnesium 
and calcium. He used the absorption peak at 445 m~ on the assumption 
that the iron concentration would be very lowi and that only negligible 
interference would occur in ammoniacal citrate solutions. The problem of 
stability again required careful standardization of the time interval 
between mixing the solutions and measuring the absorptions. 
1. Application of the nickelous nioxime method 
The advantages of stability and simplicity made the nickelous nioxime 
method appear to be quite sui~able for the determination of nickel in 
calcium. It was observed that the concentration of iron in the metal 
often was higher than Abbey had encountered; therefore, the relatively 
greater freedom from the ferric citrate interference obtained at 550 m)L 
tended to offset the loss in sensitivity caused by changing methods~ 
Preliminary experiments on the determination of the impurity indicated 
that the problems of iron interference and of ionic strength effects would 
be of primary i mportance. Other possible interferences~ such as chromium 
and manganese, occurred in such small traces that no difficulty vras ex-
pected from them. Copper and cobalt were not expected to occur in calcium 
metal; therefore no precautions for their removal were necessary. 
The magnitude of the diverse ion effect was indicated by the slopes 
of the least squares lines for two sets or' calibration data. The first 
series of solutions contained nickel only, and the color was developed 
by the addition of 1 ml. each of 20 per cent diammonium citrate solution~ 
10 per cent gum arabic solution~ and 0.8 per cent nioxime solution. The 
least squares equation for predicting the concentration, x ( ~ of nickel 
per 100 ml.), from·the measured absorbancy, y (5.0-cmu cells), was calcu-
lated to be · 
x1 = 206.2y - 0.19*. 
A second series of solutions was prepared in the same manner~ except 
that 1.0 g. of nickel-free calcium was present. The ion was added as a 
calcium chloride solution, which had previously been treated to remove 
iron ahd nickel. The least squares equation obtained from the absorb-
ancies of these solutions was 
X2:::. 225.5y+ 0o73o 
• The equation was calculated in this new form by interchanging the 
functions of x and y in the equations of Table 10 . Brownlee (6 , P• 58) 
states that tile "best" line for predicting x from known values of y 
may not be identical with the "best" line for predicting y from known 
values of x. Since this section was to deal with the calculation of 
concentrations from observed absorbancies, the appropriate change was 
made. 
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The difference in intercepts between the two equations was produced 
by measuring the latter set of suspensions against a reference solution 
which did not contain calcium. The difference in slopes was attributed 
largely to the ionic strength effect. Later work indicated that the slope 
of the curve for Xl was probably about 3 to 5 per cent low, due to un-
knovm causes. Nevertheless, the difference between the least squares 
lines was significant and cou ld not have been the result of random 
fluctuations. 
The magnitude of the difference between pure nickel solutions and 
calcium-nickel solutions was much greater than that between solut ions of 
varying calcium concentrations. The ionic strength studies indicated 
that, after an initial rapid decrease in absorbancy due to increasing 
concentration, the rate of change was small. Therefore the equation for 
x2 was suitable for calculating the nickel concentrat i ons in samples 
ranging from 0.5 to about 2.0 g. of calcium. 
The results produced by the use of the two equations in calculating 
nickel concentrations in 1.0-g. calcium samp les are shown in Table 20. 
Known amounts of nickel were measured into the calcium solutions, the 
reagents were added, and the spectrophotometric measurements were made 
in 5.0-cm. cells. The reference solution contained only the citrate, 
gum arabic, and nioxime solutions. While the results obtained by the 
use of the equation for x1 were not much worse than those of many colori-
metric methods, ~he consistently low error indicated that improvement 
was poss.ible. 
The addition of known amounts of iron to calcium-nickel soiutions 
confirmed the necessity of using a reference solution containing an equal 
concentration of ferric citrate . Table 21 g ives the results for two 
sets of "knowns" which were run in 1.0-g. calcium sohttions. Series 1 
contained no iron, while each solution of series 2 contained 0.1 mg. of 
iron. All solutions were treated in the same manner with 1 ml. each of 
the diammonium citrate, gum arabic, and nioxime solutions. The reference 
solutions contained only the citrate, gum arabic, and nioxime. The con-
centrations were found by using the least squares equation for x2• 
Nickel analyses to determine the effectiveness of aliquot reference 
blanks were conducted as follows: solutions containing 2 g . of calcium 
and 2 ml. of 20 per c ent diammonium citrate solution were prepared; a 
solution containing 2.0 mg. of ferric iron was added to each, t he pH was 
adjusted to the proper range (pH 3 to 6), and the contents of the beaker 
were rinsed into a 100-ml. volumetric flask. The flask was filled to 
the mark, the contents were mixed, and 50 ml. of the solution was 
pipetted into another 100-ml. flask. The nickel solution was added to 
this flask, while the remaining sample was prepared as the reference 
blank. The color-forming reagents were added t .o each flask as usual; 
after dilution and mixing, the solutions were allowed to stand for 1 
hour before the readings were made . 
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Nickel 
taken, 
p.p.m. 
15 
31 
46 
62 
77 
Nickel 
taken, 
p • p.m. 
15 
31 
46 
62 
77 
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Table 20 
Error Due to Diverse Ion Effect and Correction by Proper 
Preparation of Calibration Cur ves 
(Final volume of 100 ml., 1.0 g . of calcium) 
Uncorrected equation Corrected equation 
Ni found, xl, Error, Ni found, 
p.p.m. p.p.m. p.p .m. 
12 
-3 14 
27 
-4 31 
40 
-6 45 
56 
-6 62 
71 
-6 79 
Table 21 
Interference Produced by Ferric Citrate When Blank 
Correction Was Not Made 
(Final volume of 100 ml., 1.0 g. of cal~ium) 
Series 1, no Fe Series 
Found, Error, Found, 
p.p.m. p.p.m. p.p .m. 
14 -1 18 
31 +o 35 
45 
-1 48 
62 ±0 63 
79 +2 83 
X2' Error, 
p.p.mo 
-1 
~0 
-1 
:!:0 
+2 
2, o. 1 mg. Fe 
Error, 
p.p.m. 
+3 
+4 
-t-2 
+1 
-+6 
:: 
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The results of a series of five analyses are given in Table 22. 
The errors wer e all within t he confidence limits, t x s = 3.4Y, at 
the 99 per cent level. It is doubtful t hat the consistently negative 
devi ations were significant. 
Table 22 
Nickel Analysis in Calcium Solutions; Equal Aliquots 
Used as Reference Solutions 
(Final volume of 100 ml., 1.0 g. of calcium, 1.0 mg. of 
iron) 
Obs erved Nickel Nickel Error, 
absorbancy, taken, found, p.p.m. 
5.0-cm. cells p. p.m. p.p.m. 
0.087 20.0 20 ±o 
.165 40.0. 38 -2 
.249 60 .0 57 
-3 
.344 80 .0 79 
-1 
.433 1oo.o · 99 -1 
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The limitations of ranee made it i mpossible to determine less than 
10 p.p.m. of nickel in 1.0 g. of calcium with any reasonable accuracy. 
Pr eli mi nary experiments i ndicated t h at increasing the sample size would 
be possible, provided that a suitable calibration curve was prepared, as 
was done in the one gram range. It was observed that t he results became 
more variable as the we i ght of calcium was raised to five grams or mo·re. 
I n addition, i nsoluble calcium citrate precipitated if the citrate con-
centrati on was raised. Th is preci pitate formed so slowly t hat it could 
produce h i gh absorbancy r esults before it was detectable to the eye. It 
was finally concluded, however, t hat no i nterference from this source 
occurred if not more than 1.0 ml. of the diammonium citrate solution was 
added to 100 ml. of solution containing 5.0 g. of calcium. 
Several attempts were made to concentrate the nickel before the 
colorimetric determination . The failure of extraction methods has 
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already been discussed. The use of vari.ous precipitates as "carriers" 
for nickel was investigatedt 
The zinc sulfide precipitate carried down most of the nickel when 
hydrogen sulfide was passed into a solution at pH 4. The spectrophoto-
metric results for nickel were consistently lowp however. The unpleasant-
ness of hydrogen sulfide precipitations contributed to the decision to 
study other methods. 
The high insolubility of nickelous nioxime itself made it a possible 
form for separation. Preci pi tations were conducted both with and without 
carrierso Ordinary filter pulp proved to be just as satisfactory as 
aluminum hydroxide. The diverse ion effect again entered» however; and 
the results were always low if high concentrations of foreign ions were 
present. In addition» the long digestion times necessary to comp lete the 
precipitation of minute traces of nickel tended to reduce iron, even in 
the presence of citrate . If over a mi lligram of iron was present 9 the 
ferrous complex could not be washed out of the precipitate or the filter 
paper. 
The concentration techniques attempted, in addition to being more 
laborious» gave poorer results t han direct analyses. In spite of the 
aforementioned shortcomings 9 the direct determination of nickel in high 
concentrations of cal cium salts showed promise of being a convenient and 
relatively accurate procudure. Preliminary separations might be necessary 
in certain cases, but they are to be recommended only as a last resort" 
2. Recommended procedure 
Place 50 ml. of water in a 400-ml. beaker. Carefully add a weighed 
samp le of 2 g. of calcium turnings. When the reaction is complete, add 
5 ml. of concentrated hydrochloric acid and l ml. of concentrated nitric 
acid; heat to dissolve t he hydroxide and to oxidize any iron , Cool and 
add 2 ml. of 20 per cent dirufu~onium citrate, then adjust the solution to 
pH 4 to 6 with ammonium hydroxide. Rinse t he solution into a 100-ml. 
volumetric flask ~ dilute to the mark. and mix. Pipette 50 ml. of this 
dilution into another 100-ml. flask. retaining the remainder for the 
blank. Add 1 ml. of 10 per cent gum arabic solution to each flask, and 
mix well. Add 1 ml. of 0.8 per cent nioxime solution to the first aliquot 
only, dilute both solutions to the mark. and mix. Measure the absorbancy 
of the colored aliquot against the reference blank after an hour. The 
wavelength setting should be 550 m,u. 
The calibration curve should be prepar ed·with solutions containing 
the same reagents. An iron- and nickel-free calcium solution may be pre-
pared as indicated under "calcium" in Section IV. Measure out a volume 
of the solution which contains 2 g. of calcium. Add 1 ml. each of the 
concentrated hydrochloric and nitric acids. then adjust the solution to 
pH 4 to 6 with ammonium hydroxide. Rinse the s elution into a 100·-mlo 
ISC-93 69 
vollli~etric flask, dilute to the mark, and mix. Pipette a 50-ml. aliquot 
into a separ ate 100-ml. flask . Add 1 ml. of 10 per cent gum arabic solu-
tion to each aliquot and mix. Add the standard nickel so]ution to one 
flask, and follow it with 1 ml. of 0.8 per cent nioxime solution. Dilute 
both solutions to the mark and mix well. Measure the absorbancies after 
an hour, as indicated above. 
The range of nickel concentration chosen will depend upon the cell 
thickness to be used. The order of addition of the reagents is not cri-
tical, provided that the nioxime is added last. 
VII . DISCUSSION 
The experimental work was designed primarily to determine how well 
the complexes of nickel with the vic-dioximes satisfy the requirements 
of colorimetry. Unfortunately, very little of the type of data which 
would permit precise comparative eva luation of t he various reagents and 
procedures proposed for nickel has been reported in the literature. 
Therefore the analyst must de pend upon more general criteria, such as 
t he requirements of colorimetry listed in the introduction. 
The properties of the oxidized complexes of dimethylglyoxime, 
ni oxime, and heptoxime with nickel were investigated. Only the absorp-
tion spectra , the stabilities, a nd some effects of pH were considered to 
any extent. The remarkable similarity of all three complexes is of 
theoretical interest, but it does not offer the analytical chemist an 
i mprovement over the commonly used colorimetric methods. Therefore, the 
work with the oxidized comp lexes was sidetracked to permit the investi-
gation of the new nickelous nioxime method. 
Certain generalizations can be made, however. First, the absorption 
maximum at 443 mp given by the form knoV'm as complex A shows that this 
complex provides a highly sensitive test for nickel. The smaller peak 
around 530 m,u can also be used, but is less than half as sensitive. The 
extincti on coefficients for the complexes are given in Table 23. The 
form known as complex B has an extinction coefficient intermediate be-
tween the two va lues for complex A, but exact data is lacking. Second, 
interference by iron, even in the presence of citrate, often makes it 
i mp ossible to use the best wavelength for the analysis. Third, the in-
stability , and t he consequent necessity for a very closely prescribed 
pr ocedure , decreases the general effectivenes s of the oxidized complex 
a s a colorimetric form. Finally, the drastic conditions of the reaction 
precipitate most of. the cations. Consequently , extra manipulations are 
necess ary in order to remove or comp lex these ions. 
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Table 23 
Calculated Molecular Extinction Coefficients for the 
vic-Dioxime Complexes of Nickel 
Complex \Vave- Molecular extinction 
length, coefficient 
m_.u cm.-l(mole/liter)-1 
Dimethylglyoxime A 443 14020 
A 536 60 80 
Heptoxime A 443 15300 
A 531 6380 
Nioxime A 443 15020 
A 537 5650 
nickelous 550 6020 
The colored nickelous nioxime system was studied thor oughly in 
order to see how well it satisfied t he requirements of colorimetry. The 
results of t hese experiments may be summarized accordingly. 
Nickelous nioxime is intensely colored, and absorbs most strongly 
at 550 m~; therefore it is ideally suited for color compari son and 
photometric measurement. The extinction coefficient is nearly equal to 
that of the smaller maximum of complex A (Table 23) . The reagent itself 
is colorless; therefore no corrections or extra precautions are necessary. 
The colored system can be stabilized quite satisfactorily with gum 
arabic solution, although certain ions--in particular, the perchlorate 
ion--cause coagulation and precipitation. In a sensej the method is 
turbidimetric, rather than colorimetric, and is therefore subject to the 
errors associated with such methods. It is the author's opinion that a 
large share of the variability f ound was due t o difference s in the size 
and shape of the particles and other variable fa ctors, which were in 
t urn due to slight differences in the preparati on of t he suspensions. 
The reproducibility of the me thod has been eva luated statistically, 
';: 
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however; and the standard deviations can now be used as a basis for com-
parison with other methods. 
The rather slow rate of color development is disadvantageous if ex-
tremely ·rapid analysis is required. Complex A is more suitable when speed 
is of primary i mportance . The delay of one or two hours required for 
nickelous nioxime is no more serious t han the similar delay required for 
the use of complex B. 
The system proves to be insensitive to pH change in the range 3 to 6. 
Re~ardation of the rateof color development is found in basic solutions. 
No effect traceable to temperature changes has been observed • . The 
color should be developed at room temperature, however; and the suspen-
sions should ·not be heated. The decomposition of gum arabic and coagula-
tion of the preci pitate occurs near the boiling point. 
The suspensions obey Beer's law. This property is less important 
in spectrophotometry than in colorimetry with the Duboscq colorimeter or 
similar instruments. 
The reaction is not entirely free of interferences, but the selecti-
vity of the reagent is high. The low pH range permissible eliminates 
many of the interfering precipitations which occur in the older method. 
Ionic strenr.;th effects and the reduction of ferric oi trate appear to be 
unique to the nickelous nioxime method. Since the maximum at 550 IIJ..U is 
further removed from the ferric citrate absor ption t han is the 530 m~ 
peak of the oxidized complex, the nickelous nioxime method should ·be 
better for use with instruments which admit a broad wave band or use 
colo~ed filters in the path of the light source. 
The nature of the reaction of the nickelous ion with the vic-dioximes 
is known (8, p. 8). Tne nickelous complex can be used with mu"Chmore 
certainty than t he oxidized complexes , whose compositions, modes of re-
action, and instability constants are not known. 
Ni oxime is one of the water-soluble vic-dioximes, therefore the dan-
ger of contamination by excess rea~ent does-not exist. 
The procedure for the determination of nickel with the nickelous 
salt is very simple, requiring a mir.imum number of operations. The 
method eliminates the necessity for laborious preliminary separations, 
except for the transition metals. The order of addition of reagents is 
not critical, provided that the complexing agents and the gum arabic are 
present before the addition of nioxime. 
It is concluded, therefore, that the nickelous nioxime method has 
certain advantages over the existing colorimetric procedures for nickel. 
The extent to which these various properties are of primary importance 
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depends greatly upon t h e par ti cul ar analytica l problem. The new method 
should certainly be considered and further tested for appl icat i ons to 
t he de t er mination of nickel i n other products. 
A number of intere s t ing r elated problems have arisen during t his 
work. The author wishes t o mention a few of them as sugges t i ons for work 
wh ich could and should be done: 
1. A fundamental study of the reacti ons of nickel wi t h t he vic-
di oxi mes in the presence of oxi di zing agents. Fr om a n ana l ytical 
chemist's viewpoint, this reaction is potentia l ly very s ens i tive and con-
venient. In spite of the error s and difficu lti es discussed, i t apparently 
has been and is being used more wi dely fo r t h e color imetric determination 
of n ickel than any other re act i on . Attention is ca lled t o the work of 
Ok~~ and Polster (43), Wulff and Lundberg (64), and Hooreman (24). The 
author has substantiated exper imental ly the cla i m of Ok~~ and Pol ster 
than a redd ish-brown color can be pr oduced with nickel and a vic-dioxi me 
mer ely by the addition of str ong sodium hydroxide solution. IIooreman ' s 
wor k on t h e composition of the comp le~es should be re~eated with t he 
applicat ion of t he refinements of J ob' s method of cont inuous var iations 
which were developed by Vosburgh and Cooper (59) . Mi gr ation stud i es ar e 
also sugges t ed in the hope that an i ndication of t he charge on the c om-
plexes can be obtained. 
2. A fundamental study of t he re action of ferrou s iron with ni oxime, 
in acid· s oluti ons. The evidence c learly indioat es the existence of a 
s t abl e f errous comp lex which apparent ly has not been r eported in the lit-
erature. 
3. A f urther study of methods fo r eliminating interfer ence by iron. 
Procedur es f or the extraction of i r on f r om the soluti ons wer e not tested. 
This method, or perhaps others , might be more effective for h i gh concen-
trati ons of iron than any of t he procedures tested. Fur ther more, even a 
t echnique which only reduced t he ferric concentration to a level easily 
complexed by citrate would increase t he use fulne ss of the nickelous 
n~oxime method greatly. 
4. The synthesis and investigation of der i vatives of nioxi me. The 
nickelous nioxime method might be impr oved by the addition of functional 
groups wh ich would promote the s olubili ty of the complex in either water 
or organi c solvents. If the compound cou ld be solubilized without the 
los s of its intense red color, t he reproducibility might be im-::> r oved con-
sider ab l y. Fei gl's report t hat t he monomethyl ether of dimethylglyoxime 
forms a chloroform-soluble inner-c omplex salt with nickel (13, f • 408) 
ind icat e s one way in which the ob jective might be acco'Tl;_;li shed. The 
presence of acid ic or basic gr oups on the alicyclic ring of the reagent 
might incr ease t he solubility of the complex in water. 
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5. The stat istical eval uati on of exis t i ng methods for the deter-
mi nation of nickel. Compar ative, well-control led experiments eva luating 
t he r eproducibilit y , sensit i vity , and a ccur acy of the more commonly used 
colorimetric methods would a id Gr eatly i n select ing reagents and pro-
cedur e s f or s pec i fic anal ytice. l pr ob lems. 
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